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Preface 


Water resources managers, regulators, and researchers require definitive 
information that describes the highly correlated, interdisciplinary factors that 
influence fate and transport of water contaminants. Not unexpectedly, evolv- 
ing questions stay ahead of advances in scientific and engineering develop- 
ments. One of the most important and significant aspects currently being 
intensely investigated is the role of particulates and sediments in contaminant 
behavior. This three-volume compilation documents the proceedings of a sym- 
posium dedicated to the subject of organic substances and sediments in water. 
Stress was placed on the organic substances because so many of the anthropo- 
genic contaminants which pose potential problems at all trophic levels are 
organic in nature. 

The symposium program from which the proceedings derive included criti- 
cal reviews which describe the state-of-the-science, and often identify major 
needs. This should be especially valuable to the reader, regardless of individual 
interest. As in any symposium proceedings, topics are treated with varying 
depth. However, coverage over the interdisciplinary subject is reasonably 
complete. 

The first volume delves into the roles of humic substances and soils- 
sediments in the sorption and mobility of contaminants. Both regimes are 
introduced by comprehensive review papers, and both reviews are followed by 
papers that treat specific topics in depth. 

The second volume combines papers that summarize various processes 
involved in contaminant fate and transport as well as analytical developments. 
The processes section has been divided into aquatic particle-organic chemical 
interaction (characterization and contaminant geochemistry); fate and trans- 
port; and interfacial and organic-inorganic processes. The processes and ana- 
lytical sections present theoretical as well as case study developments. 

The third volume is devoted to biological processes. It begins with a state-of- 
the-science summary which incorporates references to the other papers deriv- 
ing from the symposium. The papers are divided under subheadings: integrat- 
ing chemistry and toxicology of sediment-water interactions; uptake and 
accumulation (bioavailability and bioaccumulation); biodegradation (aerobic 
dechlorinations and co-metabolism). 

This compilation extends over the broad interdisciplinary subject of organic 
substances and sediments in water. It should prove valuable to experienced 
scientists as well as those making initial inquiries. 
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AQUATIC PARTICLE-ORGANIC 
CHEMICAL INTERACTION: 
CHARACTERIZATION AND 

CONTAMINANT GEOCHEMISTRY 





CHAPTER 1 


Preliminary Evaluation of the Potential of 
Gas Purging for Investigating the 
Air-Water Transfer of PCBs 


Michael W. Murray and Anders W. Andren 


INTRODUCTION 


The processes affecting the air-water transfer of trace organic compounds 
such as polychlorinated biphenyls (PCBs) have become better understood in 
recent years with the aid of data generated by high-resolution gas chromatog- 
raphy analysis. PCB concentration data recently published for the water 
column of the Great Lakes,'° the water of and air over Lake Superior,’ an 
estuarine system,® the North Sea,’ and for the atmosphere!”!? are useful in 
expanding the database of PCBs in the environment, and consequently in 
improving the predictive capability of recent modeling efforts.!*"° 

However, as noted by most authors, attempts to understand the partitioning 
of PCBs in water bodies are limited by the sampling technique generally 
employed, in which water is first filtered and then passed through an adsorb- 
ent; colloidal material and macromolecules with associated PCBs might either 
remain on the adsorbent or pass through the entire apparatus, as found for 
polycyclic aromatic hydrocarbons (PAHs) by Landrum and Giesy.'* Since only 
the truly free fraction of PCBs in lake waters is directly involved in diffusive or 
turbulent transfer both to the atmosphere and into organisms, it is desirable to 
have an alternative technique of determining this fraction in natural waters. 

Gas purging is being investigated as a technique to determine the unbound 
fraction, or the fugacity, of PCBs in natural waters. While aeration has been 
used for decades in ore processing, packed column reactors, and other applica- 
tions,” it only recently appeared in the environmental literature as a technique 
(also called dynamic headspace analysis) for determining Henry’s law con- 
stants (HLCs), first proposed by Mackay et al.!8 and later used by others in 
investigations of HLCs and organic contaminant binding by particles.!?*4 Yin 
and Hassett recently reported on the use of the technique for investigating 
mirex fugacity in the Oswego River and Lake Ontario.” 
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4 ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


The technique for determining HLC involves bubble generation in an aque- 
ous solution; if bubbles remain in the solution for a sufficient period of time, 
solute transfer to the bubble will occur until equilibrium is attained. This 
process is assumed to be described by a two-layer model of gas transfer.” 
Henry’s law constant (or the ratio of gas- and liquid-phase concentrations at 
equilibrium) can be obtained by measuring the change in the gas concentration 
leaving the headspace via a trap,”3 the aqueous concentration change,'® or both 
concentrations at any one time.” 

For field determinations or investigation of partition coefficients, purge-gas 
flow rate and volume are adjusted such that the equilibrium between dis- 
solved, colloidal, and particulate phases is not disturbed.” In this manner, 
aqueous phase fugacity can be determined, and if the HLC is known, the free 
aqueous concentration can be calculated. 

As noted by Fendinger and Glotfelty,?” potential problems with the tech- 
nique are lack of attainment of equilibrium and solute adsorption at the 
bubble-water interface (and associated transport to the upper region of the 
solution, reviewed in Lemlich, and later discussed by Valsaraj).7*?? These two 
problems were addressed in this study by purging at different flow rates (and 
thus using bubbles of different sizes and residence times), and by determining 
the solution concentration at depth and at the water surface following 
purging. 

Additional concerns for field application are potential adsorption onto bub- 
bles of contaminant-containing surface active organic material, and particle 
injection into the headspace following bubble bursting. Reviews on air-water 
hydrodynamics and exchange of particulate matter have summarized findings 
that even small bubbles can inject particles into the atmosphere on burst- 
ing.**3? The bubble-bursting phenomenon, and the consequent potential limi- 
tations of gas purging for fugacity investigations in the field, are under investi- 
gation. This chapter summarizes preliminary results of Henry’s law constant 
determinations and field fugacity estimates for PCBs using the gas-purging 
technique. 


EXPERIMENTAL 


Henry’s law constant determinations were made using an apparatus similar 
to that of Yin and Hassett.”” The vessel utilized was a 20-L glass carboy. 
Compressed air was introduced via two 0.125-in. stainless-steel (304) purge 
tubes terminating in fritted-glass gas-dispersion tubes (Ace Glass Co., Vine- 
land, NJ), with nominal 4- to 8-um pore sizes. Room-temperature experiments 
were conducted using six 0.5-mm holes in the ends of the purge tubes, before 
the dispersion tubes were added to the system. 

The carboy is capped with a machined piece of Teflon, which is held tightly 
against the mouth by a metal collar, with a Viton O-ring forming the seal. The 
outflow of the headspace passes through a 0.25-in. Swagelok Teflon union to a 
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glass tube (4 mm i.d. by 10.5 cm length) packed with Florisil 30/60 mesh resin, 
with 3-mm plugs of silanized glass wool in each end. Traps are heated to 500°C 
for 6-8 hr, allowed to cool, and capped with brass end-caps prior to use. 

During purging, high-purity (99.999%) compressed air passes through a 
flow controller, a Florisil trap, and the purge tubes, exits the dispersion tubes 
as bubbles that rise from the bottom of the solution, and exits the headspace 
via the adsorbent trap. The outflow then passes through a variable-area flow 
meter (Cole-Parmer Co., Chicago, IL), which is monitored during purging. 

Henry’s law constants were determined for 10 PCB congeners at room tem- 
perature (approximately 17 and 19°C) and at 25°C. For each determination, 
0.7 mL of a 10-congener PCB solution in acetone was spiked into 19.7 L of 
Milli-Q water and allowed to equilibrate for at least 16 hr. The equilibration 
period was. extended to 5 days for the 25°C experiment. 

Before and after purging, two 100-mL subsamples of the water were taken 
and extracted with dichloromethane (3 X20 mL). In order to investigate the 
possibility of net solute transport to the top of the solution during purging, 
subsamples were taken 1-2 cm below the surface and 1-2 cm above the vessel 
bottom immediately following purging in one experiment (at 5°C). 

The water was purged at about 470 mL/min for the room-temperature 
experiments and at three different flow rates for the 25°C experiment. The 
traps were changed at regular intervals, with the purge time varying according 
to flow rate and expected mass purged. The traps were extracted with 60:40 
acetone-hexane in a continuous-flow apparatus (similar to that described by 
Leuenberger and Pankow’) for 2 hr, and all extracts were concentrated in 
hexane, transferred to iso-octane, and made to 1.0 mL, with congeners #30 
and #204 added as internal standards. Analysis was performed on a Hewlett- 
Packard (HP) 5840 gas chromatograph with electron capture detector (GC- 
ECD) for the room-temperature experiments, and an HP 5890 GC-ECD for 
the 25°C experiment. 

Field sampling was carried out at Little Lake Butte des Morts, Wisconsin. 
Duplicate 20-L surface water samples were pumped through Teflon lines into 
glass carboys, and the water was purged onsite; the temperature was measured 
before and after purging. The traps, including field blanks, were returned to 
the lab, kept refrigerated, spiked with congeners #14 and #166, and extracted 
as above. 

Water samples were also taken for processing by a standard filtration/solid 
adsorption method* for comparison purposes. Samples of 17-L water were 
pressure-filtered (with nitrogen) from a stainless-steel container through a 293- 
mm ashed (450°C) glass-fiber filter (Type GCS50, Micro Filtration Systems, 
Dublin, CA) and passed through a resin cartridge containing precleaned XAD- 
2 resin at flow rates of approximately 170 mL (4.5 bed volumes) per min. Resin 
samples were extracted with 60:40 acetone-hexane, reextracted with additional 
hexane in a separatory funnel, and concentrated to approximately 1.0 mL in 
hexane. 

Field extracts were cleaned up on 60/100 mesh Florisil following the method 
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of Norstrom et al.,35 reduced in hexane and transferred to iso-octane, spiked 
with congeners #30 and #204 as internal standards, made to 1.0 mL, and 
analyzed on an HP 5890 GC. The purge trap extracts were concentrated by 
nitrogen blowdown to 50 pwL and analyzed similarly. Response factors were 
obtained using congener mole fraction data from Mullin.* 


RESULTS AND DISCUSSION 
Experimental Studies 


Results of a HLC determination experiment for four congeners are shown in 
Figure 1.1, in which the cumulative amount of PCB purged is plotted vs time. 
It is apparent that the data remain on the linear portion of depletion curves for 
purge times up to 2.5 hr. The slight deviation from nonlinearity for congeners 
#128 and #153 (actually upward) is mostly due to an anomalously high value 
for the final run. These relatively straight curves are consistent with observa- 
tions that the cumulative amounts purged are only a small fraction of the mass 
initially added to the vessel, and that the aqueous concentrations before and 
after purging are not significantly different (p = .05). Thus, each of the points 
on the plots represents an independent HLC determination for each congener, 
and HLCs can be calculated directly as the ratio of gas-phase and aqueous 
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Figure 1.1. Plots of cumulative PCB mass purged vs. time for four PCB congeners in Henry’s 
law constant experiment. Data are for six runs at 19°C. 
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Figure 1.2. Effect of purge air flow rate on air-phase PCB concentrations for two sets of five 
congeners (25°C). Bars show mean and one standard deviation of three, four, 
and four runs at flow rates of 48, 175, and 495 mL/min, respectively. 


concentrations. Similar curves were obtained for the congeners in the 25°C 
experiment. 

Purged-gas congener concentrations for the 25°C experiment, in which 
purging was done at three flow rates, are shown in Figure 1.2. For the conge- 
ners shown in Figure 1.2a, generally higher concentrations at lower flow rates 
indicate slightly more efficient transfer to the bubbles, as would be expected. 
With the exception of the concentrations for congener #54 at the highest flow 
rate, there are no significant differences (p =.05) in concentration between 
flow rates for the these congeners. 

Figure 1.2b shows anomalously low concentrations at the low flow rate for 
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congeners #77, #128, #153, and #166. It is not apparent why the concentrations 
for these congeners generally have higher standard errors, and in the case of 
congeners #128 and #166, are significantly different (p = .05) in concentration 
from those at 175 mL/min. For most congeners studied, however, the results 
indicate PCB transfer into the rising bubbles is independent of flow rate for 
the 10-fold range studied, and equilibrium appears to be attained for all 10 
congeners. 

Figure 1.3 shows aqueous congener concentrations at the surface and bot- 
tom of the vessel following 27 hr of purging in a separate experiment. The 
figure indicates no significant differences (p = .05) between surface and depth 
concentrations for nine of the congeners, and only a slight difference (4 per- 
cent) for congener #15. It appears that net transport of PCBs to the top of the 
solution during the course of purging is not significant. 

The HLCs obtained in this study are, in general, consistent with other 
experimental*>’ and predicted** data, as shown in Table 1.1. Congeners with 
greater ortho-chlorine substitution (e.g., #54) have higher HLCs, and conge- 
ners with less ortho-chlorine substitution (e.g., #77) have lower HLCs. 
Although experiments 1 and 2 were conducted using perforated purge tubes, 
and experiment 3 using glass dispersion tubes (generating more numerous and 
smaller bubbles), the results indicate the expected trend, with slightly higher 
HLC values at 25°C than at room temperature. 

Agreement with the HLC values of Dunnivant et al.” (obtained using a 
similar technique) and of Murphy et al.*’ (obtained using static headspace 
analysis) is better for the less chlorinated congeners than for congeners #128 
and #153. Agreement with the calculated values of Burkhard?® (calculated 
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Figure 1.3. Effect of 27 hr of purging on aqueous PCB concentrations at the surface and at 
depth in the vessel. Bars show mean and one standard deviation of ‘duplicate 
determinations 1-2 cm below top surface of water and 1-2 cm above water 
bottom. 
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Table 1.2. Estimated and Measured Aqueous Concentrations of Five PCB Congeners in 
Little Lake Butte des Morts (WI) on 11/30/89 


Aqueous Conc. (pg/L) 





Congener i Se ay ee ee 
IUPAC # Estimated* Measured Est./Meas. 
4,10 99 73 1.4 
6 181 65 2.8 
17 243 233 1.0 
18 198 178 1.1 
5S 33 40 0.8 


4Calculated from measured fugacities and Henry’s law constants at 0°C from Burkhard.%° 


from predicted values for solubility and vapor pressure based on thermody- 
namic and molecular surface area data) is good for most congeners, with 
similar patterns of change with chlorination in each data set. Current efforts in 
this laboratory using Aroclor mixtures are expected to yield HLC data for at 
least SO PCB congeners. 


Field Study 


Field data on PCB aqueous fugacities obtained using gas purging are prelim- 
inary and reveal difficulties in analyzing levels near the detection limit. PCB 
concentrations in the surface water of Little Lake Butte des Morts, Wisconsin 
(obtained using the standard method) and expected concentrations (calculated 
based on aqueous fugacities and assuming equilibrium conditions prevailed) 
are compared in Table 1.2. HLC for 0°C were obtained from Burkhard.** The 
ratio of estimated to measured concentrations indicates overestimates by the 
gas purging method for at least three of the five congeners. Possible explana- 
tions for these results include 


1. overestimate of the gas purging fraction due to aerosol generation and entrap- 
ment and/or uncertainties in working near the detection limit 

2. underestimates of the operationally defined dissolved fraction due to break- 
through of colloidal matter past the resin during sampling 

3. uncertainties in HLC at 0°C, and thus uncertainties in the predicted aqueous 
concentrations 


Current work in this laboratory is addressing the question of aerosol genera- 
tion and its effect on fugacity quantification in the field. Landrum and Giesy 
and others have noted the possibility of breakthrough of neutral hydrophobic 
compounds past Amberlite resins in the presence of dissolved organic matter. !* 
For the samples presented in Table 1.2, over 90% of the dissolved organic 
carbon passed through the resin column, and colloidal-bound PCBs may not 
have been retained. Apparently the traditional sampling technique gave a 
reasonable estimate of the truly dissolved component of PCBs for the surface 
water sample taken. HLC data obtained using aqueous Aroclor solutions 
maintained at different temperatures should yield more accurate estimates of 
aqueous PCB fugacities in the field. 
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Finally, sampling in more contaminated waters, or sampling with a flow- 
through technique (in which stripped water is continuously replenished in a 
floating apparatus), or both, is expected to yield more reliable aqueous fugac- 
ity measurements, and thus better determinations of the fugacity gradients for 
PCBs in natural waters. 


CONCLUSION 


As found by previous researchers, gas purging is an effective technique for 
determining Henry’s law constants for trace organic compounds. HLCs 
obtained for 10 PCB congeners ranged from 0.4 to 4.7 x 10“ atm m?/mol at 
25°C and generally followed the trends of data from other experimental and 
predictive studies. Preliminary studies indicate little dependence of PCB trans- 
fer into the gas phase on flow rates over a 10-fold range, indicating equilib- 
rium is maintained in the system. Additional data indicate no net transport of 

OBs to the upper region of the solution during purging. Field data are prelim- 
inary and indicate the need for improved sensitivity of the gas-purging tech- 
nique through sampling in highly contaminated waters or using a flow-through 
system in less-polluted natural waters. 
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CHAPTER 2 


Trace Element Cycling in Southern Lake 
Michigan: Role of Water Column 
Particle Components 


Martin M. Shafer and David E. Armstrong 


INTRODUCTION 


Interactions with particles play a major role in controlling the concentration 
and fate of chemical contaminants in aquatic environments. Studies of both 
oceanic! and freshwater?+ systems have demonstrated that the vertical flux of 
particulate matter is one of the most important natural removal mechanisms 
for both organic and inorganic contaminants. Comparison of input and/or 
output fluxes, with contaminant concentrations in the water column, indicates 
that removal mechanisms must be quite efficient (short residence time). How- 
ever, significant variations are observed between classes of contaminants, and 
systems.’ Recent work on trace metals points to even shorter residence times 
than previously indicated, reflecting lowering of many estimates of metal con- 
centrations as “clean” techniques are adopted.° 

Although the importance of particle-mediated removal of trace elements is 
well recognized, key questions remain unanswered concerning particle- 
contaminant specific interactions. Information on the particle types and 
phases controlling trace element removal in large lakes is limited. Even less 
clear is how the complex thermal and mixing cycles of lakes interact with 
particle production and external loading events to regulate trace element con- 
centrations and fluxes over an annual cycle. Answers to these questions are 
needed to assess the rates of removal and release of specific metals by natural 
particulate matter and the influence of changes in the types and amounts of 
particles contributing to the particle flux. 

This chapter presents estimates of the impact of specific particle events on 
the annual sedimentation flux of several trace elements for a 160-m water 
column in southern Lake Michigan. The approach involved combining data on 
water column concentrations and fluxes of significant particle components 
with trace element levels characteristic of the phases or components. Particle- 
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Table 2.1. Total Mass Flux at 72-m Trap Level 


Deployment Interval Mass Flux (g m-? d-') 
April 7 — April 22 4.77 
April 22 — May 4 3.04 
May 4 — May 17 4.61 
May 17 — June 3 3.73 
June 3 — June 16 2.12 
June 16 — June 30 1.22 
June 30 - July 19 : 0.75 
July 19 — Aug. 11 0.34 
Aug. 11 — Aug. 30 0.16 
Aug. 30 — Sept. 22 0.41 
Sept. 22 — Oct. 21 0.63 
Oct. 21 — Nov. 17 0.23 
Nov. 17 - Dec. 7 0.12 
Dec. 7 — March 29? 6.17 


a 


4Overwintering traps 


specific elemental residence times, inferred from trace metal concentration 
data obtained using clean techniques over the course of this investigation, are 
also presented. The magnitude of specific metal transport vectors are com- 
pared with the total metal flux measured by sediment trapping and the burial 
flux determined from dated sediment cores. 


MATERIALS AND METHODS 


The station investigated is located at (42° 40’ N, 87° 00’ W), approximately 
in the center of the southern basin of Lake Michigan, at a water column depth 
of 160 m. The location was selected as representative of midlake conditions in 
the southern basin. 


Field Procedures 
Sediment Traps 


A sediment trap array, moored at this station, was retrieved and redeployed 
15 times over the course of the study period (early April 1982 to late March 
1983). Deployment intervals, which averaged 3 weeks, are shown in Table 2.1. 

Paired traps (3 diameters apart) mounted on epoxy-coated stainless-steel 
frames were deployed at 8 depths on a 3/4 inch polyester braided line. Traps 
(upper surface) were located at 4.2, 7.3, 13.0, 20.5, 49.4, 87.7, 116.7, and 
131.1 m above the bottom. The upper trap (28.9 m below the water surface) 
was located below the depth of the summer thermocline. All buoyancy was 
subsurface; fiberglass spheres at 25 m provided the main support, with addi- 
tional spheres at 60 m and 120 m. The array was anchored to the bottom with 
225- to 450-kg concrete blocks. An acoustic release (Helle Engineering) located 
between the bottom trap and concrete anchor was used to uncouple the array 
from the bottom; when triggered, the array would rise to the surface at a rate 
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of ~10 m min.-! A 70-kg weight kept tension on the line during ascent and 
retrieval. Swivels were located in the line at several points to release current- 
induced horizontal tension. 

The cylindrical traps employed were similar in design to those described by 
Wahlgren and Nelson.’ The standard trap utilized had an aspect ratio of 4.0 
(16 cm diameter), and an open area of 162 cm? with a baffle, 198 cm? without a 
baffle. At water velocities of 2.0 and 10.0 cm sec"! at 4°C, the trap produced 
Reynolds numbers of 2,070 and 10,400, respectively. The main body of the 
trap is made of plexiglass; the funnel, of conventional polyethylene; the baf- 
fle, of polystyrene; and the collector bottle, of clear polymethylpentene. All 
trap surfaces were washed in detergent, acid-leached, and thoroughly rinsed 
before use. Various modifications of the basic trap design were tested against 
the standard design. Traps with similar diameters, but with aspect ratios of 7.3 
and 3.0, were used, as were traps without baffles. 

One trap of each pair was poisoned with sodium azide. A vial packed with 
reagent-grade NaN, was placed in the collection bottle before redeployment; 
when deployed, the poison would slowly be released into the bottle through 
small holes in the vial. 

Trapped particles, including those retained on the trap funnel, were kept at 
4°C in the dark for transport to the laboratory for processing. The upper trap 
water was occasionally sampled, filtered, and chemically analyzed to compare 
with corresponding lake water samples. 


Standing Crop 


Standing-crop particulate matter was sampled using two techniques: niskin 
casts followed by filtration onto Nuclepore filters, and pumping-in-line sieving 
continuous-flow centrifugation, which enabled the collection of gram quanti- 
ties of suspended particles. 

A 10-L Teflon-coated General Oceanics Go-Flo sampler was used to obtain 
samples for filtration from 16 points in the water column on each cruise. Two 
casts from each depth were pooled. A 1-L subsample for total suspended 
particulate mass measurements was pressure-filtered (30 psi N,) in an all- 
Teflon column/filter holder (Savilex) through tared 0.4-~m Nuclepore filters. 
Filtration was stopped when flow rate dropped below ~ 10 mL min.-! Filters 
were rinsed with 2.0 mL of Milli-Q water, and excess water forced through the 
filter holder, after which filters were placed in acid-leached plastic petri dishes 
and immediately frozen. Filtrations were carried out on-board ship within a 
Class-100 laminar-flow bench. Control filters (one for every three field 
samples) were processed in a similar manner. 

The pumping-in-line sieving continuous-flow centrifugation system con- 
sisted of a deck-mounted pumping system coupled to a plastic serial sieving 
unit, which in turn was coupled to two high-capacity continuous-flow tubular 
bowl centrifuges (Sharples Model AS-12V). Tubing (1-in. o.d. polyethylene) 
with a polyethylene-screened, weighted intake structure is let out to the desired 
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depth, and lake water pumped under vacuum to a deck-mounted platform by 
peristaltic pumps. The water is then passed through a series of four sieves (508-, 
212-, 114-, and 63-um openings), still under vacuum, before passing through the 
pump heads and into a tank, which serves as a buffer between the pumping- 
sieving unit and the centrifuges. From the tank (detention time: ~5 min), a 
peristaltic pump fed the lake water (now devoid of particles > 63 wm) into two 
large tubular bowl centrifuges at a rate of 3-5 L min per centrifuge. The 
centrifuges operated at 15,000 RPM, generating a maximum g force of 13,200 g. 
All surfaces of the centrifuge that came into contact with lake water were lined 
with Kynar (polyvinylidene fluoride) to reduce the possibility of contamination. 
An acid-leached mylar sheet was placed inside the circumference of the centri- 
fuge bowl to enable rapid recovery of trapped particles. 

Particles retained on the sieves were processed on-board ship by gently 
removing particles from the sieves with a stream of filtered lake water into 250- 
mL LPE bottles. The bottles were subsequently subsampled for optical 
microscopy, and the remaining solution gently filtered onto tared 5.0-ym 
Nuclepore filters, rinsed, and immediately frozen. Particles and lake water 
(4 L), retained in the centrifuge bowl after the self-sealing device isolated the 
bowl, were recovered and kept at 4°C for transport to the laboratory. Time 
delay from the collection to laboratory processing varied from 24 to 36 hr. At 
typical lake water particle concentrations of 1 mg L,~! over 0.5 g of suspended 
particles could be collected in 1 hr. 

Time limitation on station limited the number of depths sampled per cruise 
to six or seven. The depths chosen were selected to be representative of distinct 
layers of the water column and also to correspond to depths at which sediment 
traps were deployed. 


Laboratory Procedures 
Size Fractionation 


Particles collected in the centrifuge (< 63 wm) were further size-fractionated 
in the laboratory by passage of the suspension through 8-in. diameter plastic 
sieves with mesh opening of 19 um and 8.2 um. The sieves were constructed of 
polyester mesh (PECAP) sealed to the bottom of 8-in. plexiglass cylinders. 
Particle loading was kept low (< 15 mg per sieve) to avoid clogging, and 
filtered centrifuge water was used when needed to aid in the processing. Parti- 
cles retained on the sieves were washed by centrifugation in Milli-Q water. 
Subsamples were taken and fixed for optical microscopy, and the remaining 
suspension transferred to tared plastic vials and frozen. Particles that passed 
the 8.2-u4m sieves—which in most samples was > 40% of the total sample 
mass — were collected on a variety of tared filter substrates, the type of filter 
dependent upon the final analytical protocol. For total mass determinations, 
1.0-and 0.4-~m Nuclepore filters were employed. Loading on one of the 1.0- 
wm filters was kept low to estimate the fraction of mass between 0.4-1.0 and 
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1.0-8.2 ym. Appropriate filter blanks and controls were maintained with each 
set of samples and batch weighings. These were frozen along with samples. 
Frozen samples and controls were dried by lyophilization and reweighed on a 
Perkin-Elmer AD-2 microbalance (filters) or Mettler H51AR analytical bal- 
ance (vials). After drying, samples were stored at ~ 10°C in desiccators. 

Trap particles were size-fractionated in the laboratory in a manner similar to 
that described for the standing-crop particles. Four additional meshes, corres- 
ponding to those used in the pumping system sieve unit, were used to give 
complete correspondence with standing-crop size fractions. 

In summary, for each trap or standing-crop sampling point, eight particle 
size fractions were created with nominal cutoffs of 508, 212, 114, 63, 19, 8.2, 
1.0, and 0.4 wm. The 600 standing-crop and 1000 trap mass fractions were 
chemically analyzed for major and trace elemental composition, and particle 
types identified and enumerated by optical microscopy. 


Chemical Analyses 


Subsamples (< 20 mg) of standing-crop and trap particulate matter were 
solubilized by acid digestion in sealed all-Teflon bombs (Bombco, Inc.) in a 
procedure modified from Eggiman and Betzer.® Use of this type of bomb with 
Ultrex (Baker) grade acids provides an essentially contaminant-free total diges- 
tion with no loss of volatile species. A two-step digestion proved adequate: 2 
mL concentrated Ultrex HCI plus 1 mL concentrated Ultrex HNO; heated for 
2 hr at 95°C in a water bath, followed by addition of 0.1 mL concentrated 
Ultrex HF and additional heating for 4 ir. Digestates were transferred to acid- 
leached LPE bottles and diluted to 30.00 mL. National Bureau of Standards 
river sediment (SRM 1645) and urban particulate matter (SRM 1648), as well 
as mixed-element liquid spikes, were used to check bomb performance. 

Major element analyses of total digestates were performed by inductively 
coupled plasma emission spectrometry (ICP) (ARL Model 34000), except for 
Si, which was analyzed colorimetrically.? Trace element analyses of particle 
digests were performed by graphite furnace atomic absorption (GFAA), as 
detailed below, except for zinc, where ICP data were used. 

Biogenic silicon (BSI) was determined, with minor modifications, by the 
method of DeMaster.'° As adapted, the technique involved time course leach- 
ing of <20-mg samples of particulate matter in 30 mL of 1.0% Na,CO; in a 
water bath at 85°C. Oak Ridge-type LPE centrifuge tubes were used as reac- 
tion vessels. Subsamples were withdrawn at 2, 3.5, and 5 hr, filtered, and Si 
determined. Solution of nonbiogenic silicon is indicated by increasing Si con- 
centrations with time beyond 2 hr. An equation for pg Si/mg/hr is fit through 
the three points and used to correct for nonbiogeniic silicon contribution. A 
select set of 15 samples of Lake Michigan suspended particulate matter frac- 
tions, each composed entirely of diatoms, was chosen to verify complete solu- 
tion of BSI in 2 hr. Time course leaching showed, in all cases, slopes not 
significantly different from zero. Bomb digestions (HF) of splits of these same 
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samples gave Si values, within experimental error, identical with the carbonate 
leaching results, therefore documenting complete solution in 2 hr. Silica in 
leachates was quantified either colorimetrically (Technicon autoanalyzer pro- 
cedure) or by nitrous oxide flame atomic absorption. Precision of replicate 
leachings was better than 2.1% at the 20 mg/L level. 

Filtrable calcium was measured by a high-precision atomic absorption tech- 
nique; and filtrable silicon, colorimetrically.° A high-temperature, catalytic 
combustion technique (Perkin Elmer 240C) was used for particulate organic 
carbon determinations. Particulate inorganic (carbonate) carbon was mea- 
sured on the same instrument by CO, evolution after treatment of the particles 
with phosphoric. acid. 


Total and Filtrable Trace Element Techniques 


Samples for trace metal analysis were obtained with a Teflon-coated Gen- 
eral Oceanics 10-L Go-Flo sampler on a stainless-steel hydrowire. Before use, 
the sampler was washed successively with detergent, 10% nitric acid, and 
Milli-Q water. Immediately upon retrieval, two samples (1 and 0.5 L) were 
drained from the sampler through a short length of Teflon tubing into linear 
polyethylene bottles. These samples were processed on-board ship within a 
Class-100 laminar-flow enclosure. 

“Filtrable” metal samples were obtained by pressure filtration (30 psi N,) of 
the 1-L subsamples, in an all-Teflon column-filter holder (Savilex), through 
0.4-um Nuclepore filters (47 mm). The Nuclepore filters were tared and pre- 
leached with 1 N Ultrex nitric acid. “Total” (500-mL subsample) and “filtrable” 
samples were acidified to pH 1.5 with concentrated Ultrex HNO,. Metal 
samples were kept at 4°C for several days before storage at -10°C. Before 
analysis, the samples were thawed, respiked with Ultrex HNO,, and allowed to 
equilibrate at 4°C for 2 days. Control samples, which included lake water 
filtrates and Milli-Q water spiked with a mixed trace metal solution, and Milli- 
Q bottle blanks were prepared in the field to help put limits on loss and 
contamination resulting from handling and storage. 

Trace metals were quantified by automated graphite furnace atomic absorp- 
tion techniques (Perkin Elmer Model 400 furnace, 603 spectrometer, and As- 
40 autosampler). No preconcentration or matrix modification steps were 
employed. All sample manipulations were performed within a Class-100 
laminar-flow bench, which in turn is located —as is the spectrometer — in labo- 
ratories with a 0.22 um filtered air supply. Metal quantification was via stan- 
dard addition techniques for approximately 50% of the samples. The remain- 
der of the samples were quantified by matrix-matched standard curves, which 
did not introduce significant error since recoveries were very consistent. 

Bottles used for sample storage were linear polyethylene, cleaned by the 
following sequential procedure: soak in 20% HCl (3 days, room temperature); 
soak in 20% HNO, (3 days, room temperature); rinse 3 times with Milli-Q 
water; store in 0.5% Ultrex HNO, until use; rinse 4 times with Milli-Q water. 
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Table 2.2. Diatom Major Element Composition 





Element Concentration (mg g~') 
Calcium 10.1 

Potassium 6.74 
Aluminum 4.58 
Magnesium 2.56 





Component Model 


Major particle phases are described by application of a component model. 
The model calculates the weight percentages of major components comprising 
the total particulate matter pool. The three major components discussed in this 
chapter are excerpted from a more-detailed, eight-component model, 
described by Shafer.!! The component model is based on chemical analyses of 
particle mass fractions, aided in part by optical microscopic techniques. 


Major Element Contribution of Plankton 


It was necessary in the model first to account for major element contribu- 
tions of plankton before assigning amounts of these elements to other compo- 
nents. While literature values could have been applied, they would not have 
been specific to this system; therefore, we felt it best if these contributions 
were evaluated from data generated in this investigation. Since diatoms domi- 
nate plankton populations over much of the year (see model results), we 
decided to use these algae to evaluate major element contributions. Micros- 
copy and elemental trends were used to select 53 standing-crop mass fractions 
as representative of pure diatoms. The major element concentrations of these 
fractions were tabulated, averaged (Table 2.2) and compared with biogenic 
silica content. Total aluminum, calcium, magnesium, and potassium concen- 
trations in particulate matter were then corrected for the plankton contribu- 
tion via measured biogenic silica content and the ratios mentioned above. 


Biogenic Silica 


Measured biogenic silicon mass was converted to biogenic silica by a factor 
of 2.139 (i.e., SiO,/Si) and extended to include major elements (Ca, Mg, K, 
and Al) associated with the diatoms (see above) by including a factor of 
1.024<'2.139 = 2.190. 


Organic Matter 


Organic matter was estimated from organic carbon measurements via a 
multiplicative factor of 2.08. This factor was derived from the actual data set 
by selecting mass fractions as outlined above for diatoms, limiting the set to 24 
epilimnetic samples only. Biogenic silica and other major element contribu- 
tions were accounted for, and the remaining mass assumed to be organic 
matter. The ratio of this mass with measured organic carbon values was used 
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Table 2.3. Composition of Shale 
Constituent Weight % mmole g~' 


Si 26.52 9.442 
Al 8.11 3.006 
Ca 2.60 0.649 
K 2.59 0.662 
Mg 1.52 0.625 
Na 0.56 0.244 
CO; 3.63 0.826 
GC 0.90 0.750 
Fe 4.18 0.748 





to obtain the conversion factor. Only in a few fractions, particularly those 
dominated by zooplankton, did a factor of 2.08 apparently result in over- 
estimates of organic matter. Analytical precision of the carbon measurements 
averaged 4.5%,.!? 


Shale Model 


Input from a shale model was required to evaluate the remaining compo- 
nents. Shale was chosen as the model rock because of the general sedimento- 
logical history and environment of the Lake Michigan region and due to a 
remarkable similarity in chemical composition of both bottom sediments and 
allochthonous water column particulate matter to average shale. The elemen- 
tal composition of shales was culled from several sources!3-'* and averaged to 
arrive at an average shale composition (Table 2.3). Variation among cited 
sources was typically small. Either aluminum or nonbiogenic silicon (crystal- 
line Si = total Si— biogenic Si) could have been used as the key tracer (denomi- 
nator) element. Precision of the aluminum data set exceeded that of the non- 
biogenic silicon data; therefore, aluminum was chosen. The model assumes 
that aluminum is delivered to the lake solely in the form of shale-derived 
aluminosilicates. In the simplest application of the aluminum-shale model, the 
measured aluminum concentrations of lake particulates are multiplied by the 
ratio: 


shale total mass (carbonate free) 


- = ies5 
aluminum mass 


to give mass of particles of terrigenous shale origin. The basic shale model has 
been extended to evaluate the contribution of eight major minerals to the 
allochthonous particulates (for details, see Shafer!'). 


Calcite 


Calcite is estimated from algal-corrected calcium data and model estimates 
of calcium contribution from noncalcite components. Correction for the algal 
calcium contribution was discussed above. The eight-component model is used 
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to estimate the calcium contribution from the only other significant calcium- 
containing phases, dolomite and anorthite. 


Component Settling Rates 


Component-specific settling rates were calculated from the ratios of 
sediment-trap-derived fluxes with the geometric mean of the standing-crop 
concentrations observed at the beginning and end of the deployment interval. 
This calculation was performed at each of the eight trap positions. The fre- 
quency of sampling was such that the movement of particle fronts through the 
water column could be followed. Settling rates of major particle species were 
also derived from the movement of particle fronts. 


RESULTS 
Component Concentrations and Fluxes 
Calcite 


Standing-crop concentrations (mg m-*) and sediment trap fluxes (mg m~ d-') 
of calcite are shown in Figures 2.1 and 2.2, respectively. The primary sources 
of calcite are allochthonous phases, “old” autochthonous particles, and newly 
formed autochthonous precipitates. Isothermal mixing maintains a relatively 
uniform concentration (~ 40-50 mg m7) throughout the March-June period. 
Apparent fluxes during this period are high and do not reflect net sedimenta- 
tion. Allochthonous and autochthonous particles from the previous year’s 
precipitation event make up the calcite pool. About 70-75% of total standing- 
crop calcium is found in the 8.2-0.4 ym size fraction. Epilimnetic calcite 
concentrations drop rapidly upon thermal stratification to levels approaching 
5 mg m”; fluxes also drop precipitously to around 5-7 mg m* d” in the upper 
water column. Some resupply of calcium to the epilimnion via atmospheric 
deposition is noted during the late June to early August period. 

Autochthonous (precipitated) calcite totally dominates the late-summer-fall 
water column. Epilimnetic concentrations increase nearly 20-fold, from less 
than 50 to over 800 mg m°; fluxes show a comparable increase, to over 700 
mg m~ d.-! Calcite concentrations in standing-crop particles exceed 70%, 
while concentrations of over 80% are reached in trapped particles. Active 
precipitation ceases by mid-September, and calcite settles from the water 
column at arate of ~2 m d.-! Over 95% of autochthonous calcite is found in 
the 8.2-0.4 pm size fraction. Water column particles remain enriched in calcite 
(30-40%) until at least late November, just before fall turnover. Resuspension 
is evident both in standing-crop and flux diagrams from mid-August until 
turnover. The annual primary flux of calcite to the sediment surface (resus- 
pension corrected) amounts to 33.9 + 3.1 g m? (Table 2.4, Table 2.6), of 


24 ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


CALCITE (mg m’) Sum of Fractions 








104 112 124 157 154167181 200 223 242 265 294 S21 
DAY NUMBER of SAMPLING CRUISE 


Figure 2.1. Calcite component plot, sum of size fractions: isopleth of standing-crop calcite 
concentration, mg m.~? 


which 26.5 g m~ represents freshly precipitated calcite. An examination of 
total calcite flux as a function of depth indicates that about 25% of total 
estimated production dissolves in the upper 100 m of the water column. 
Between 100 and 160 m, little change in calcite flux is noted. 


Biogenic Silica 


The dominant source of biogenic silica (BSI) to the water column is diatoms, 
with the primary input via the spring bloom (Figures 2.3 and 2.4). Smaller, but 
not insignificant, inputs also occur from overwintering species and resus- 
pension of BSI produced in previous years. The spring bloom (dominated by 
Melosira species) raises water column BSI levels from less than 200 mg m° in 
early April to over 500 mg m*? in mid-June. Water column mixing maintains 
nearly vertical profiles. Trap fluxes which would have otherwise declined (less 
mixing) over this period remain uniform due to this massive input of particles. 

The bloom raises the biogenic silica content of standing-crop particles from 
less than 40% to over 60% in late June. Biogenic silica represents over 65% of 
the particle mass in mid-July trap collections. A secondary pulse of diatoms 
(predominantly Fragilaria) in late June to mid-July maintains high biogenic 
silica concentrations and fluxes until late August. Mid water column fluxes 
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Figure 2.2. Calcite component plot, sum of size fractions: isopleth of calcite mass flux, 
mg m<* d.~ 


over the stratified period range from 100 to over 700 mg m~ d.-! Concentra- 
tions drop to 50-75 mg m° throughout the water column by mid-September, as 
does the biogenic silica content of particles, primarily as a result of dilution by 
calcite. Settling rates during the June-August period are typically in the range 
of 1.0 to 1.5 m d.”! Total production estimates based on filtrable Si loss and 


Table 2.4. Annual Flux of Model Components to the Sediment Surface 


Total 
Deposition 
Component (g m~”) 
Diatoms 1056 + 7.4 
Calcite 30.4 + 2.9 
(autochthonous) 
© Terrigenous 33.2 + 58 
Organic matter 48 + 0.5 
(not associated with 3 major components) 
Fecal pellets? 5 + 2 
Perens ees ee eS Se ee 
174.0 + 16 


Total Mass Flux 


Note: Corrections for mixed period net flux have been applied. 
aNot measured directly. Mass flux accounted for in other components. 
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Figure 2.3. Biogenic silica component pict, sum of size fractions: isopleth of standing-crop 
BSI concentration, mg m.~ 


biogenic silica particle profile development converge in the range of 85-90 
g m.~ Hypolimnetic (above 130 m) profiles of soluble silica over the stratified 
period show only small changes that could be attributed to water column silica 
dissolution (~2.5% of total production). Based on sediment trap work, 
Schelske et al. also found that little dissolution of silica occurs in the water 
column.'’ Dissolution of biogenic silica occurs primarily in the nepheloid 
region, at or near the sediment surface. 

The spring diatom bloom also nearly doubles the water column burden of 
organic matter. Diatom sedimentation also serves as the primary vector of 
organic matter delivery to the sediment surface. Using the carbon content of 
diatoms sedimenting into the nepheloid region, we estimate that 83% of 
annual organic matter deposition is associated with diatoms. 

The annual primary flux of biogenic silica to the sediment surface (resus- 
pension corrected) amounts to 84.5 + 5.8 g m? (Table 2.6), more than double 
the next largest component. Schelske!® estimated a total annual biogenic silica 
flux of 85 g m.~ 
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Figure 2.4. Biogenic ve component plot, sum of size fractions: isopleth of BSI mass flux, 
mg m~* d.~ 


Allochthonous Components 


The remaining components are allochthonous in origin, although a fraction 
of the dolomite may coprecipitate during calcite precipitation. Given their 
common origins, patterns of concentration and flux observed in the isopleths 
are very similar (Figures 2.5 and 2.6, Table 2.5). Dominant features include a 
relatively constant and uniform top-to-bottom standing-crop concentration 
distribution, resulting from spring isothermal mixing; a prominent and pro- 
gressively developing nepheloid layer (resuspension), initiated at the time of 
stratification; and very low upper water column concentrations from mid- 


Table 2.5. Annual Flux of Model Allochthonous Components to the Sediment Surface 


Total 
Deposition 

Component (g m-”) 
Clay 11.3 + 1.7 
Feldspar 4.09 + 0.61 
Quartz 7.57 + 1.30 
Iron oxide 1.70 + 0.26 
Calcite 3.53 + 3.1 
Dolomite 5.01 + 0.66 


Note: Corrections for mixed period net flux have been applied. 
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Figure 2.5. Clay component plot, sum of size fractions: isopleth of standing-crop clay 
concentration, mg m.~3 


summer through early October. Resuspension, thermocline erosion, and fall 
storms introduce these components back into the upper water column begin- 
ning in mid-October. 

Concentrations of clay and quartz in the upper water column drop to less 
than 5 mg m-, and those of feldspar and iron oxide to less than 2 mg m*, 
during August and September (Figure 2.5). Component fluxes drop in a cor- 
responding fashion (Figure 2.6). Feldspar and clay settling rates were similar 
and generally higher than other components. Settling rates of all terrigenous 
components increased by almost a factor of two from August to October, 
reflecting scavenging by CaCO,. 

Nepheloid-layer terrigenous component concentrations may be 20-fold 
greater than those in the upper water column (Figure 2.5). The differences in 
flux levels were even greater: increases of 50-to 150-fold were not uncommon 
(Figure 2.6). Significant resuspension of each of the components occurred up 
to 40 m off the bottom in late fall. The annual primary fluxes (resuspension 
corrected) of the allochthonous components to the sediment surface are given 
in Table 2.5. Assuming a bulk density of 1.05 g cm™ and a dry weight fraction 
of 0.1 for the surface sediment floc, only 0.38 mm of sediment could supply 
the maximum observed water column burden of allochthonous phases, 
approximately half of average annual sedimentation at this location. 
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Figure 2.6. Clay componcnt plot, sum of size fractions: isopleth of clay mass flux, 
mg m~< d.~ 


Component Flux Summary 


Component fluxes reaching the sediment surface as a function of time are 
summarized in Figure 2.7. Fluxes included an estimate for net sedimentation 
during the winter and early spring isothermal period, extending from mid- 
December through June 3. This period is characterized by high rates of water 
column mixing, which invalidates sediment trap use for net flux estimation. 
Levels of terrigenous components in the standing-crop were nearly constant 
over this period, suggesting a pseudo-steady state, i.e., little or no net flux. We 
have no independent way to estimate terrigenous component net flux during 
the isothermal season. However, comparison of integral filtrable silica loss 
with integral particulate biogenic silica gain on a cruise-by-cruise basis (2-week 
intervals) over the early April to June 3 period revealed a net loss of 2260 
mg m~ of Si, or 10.0% of estimated total production. Assuming that this 
percentage also applies to other components and using mean mixed-period 
standing-crop concentrations as an estimator of production, annual compo- 
nent fluxes can be corrected to include net loss during the mixed period. These 


estimates are shown in Table 2.6. 
For the terrigenous components, mixed-period deposition accounts for 
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Figure 2.7. Sediment trap component summary, sum of size fractions: component 
breakdown of flux reaching sediment surface, percent of total mass flux. 


8-11% of total annual flux. Lower percentages are seen for autochthonous 
components, whose major production and deposition occurs later in the year. 

Total annual component fluxes are summarized in Table 2.4. Primary total 
mass flux amounts to 174.0 g m~® yr,"! of which 26.5 g m~* (15% of total) 
represents autochthonous calcite, and 105.6 g m (61% of total) can be 
accounted for by diatoms (given a 20% mass contribution from organic mat- 
ter). Total allochthonous flux amounts to 33.2 g m~ (19% of total). 


Table 2.6. Deposition During Mixed and Statified Periods (Annual Flux) 


Clay 
Feldspar 
Quartz 


Iron 
oxide 


Calcite 
Dolomite 


Organic 
matter 


Biogenic 
silica 


Mixed-Period 


Deposition 
(g m-) 
0.93 + 0.11 


0.34 + 0.037 
0.78 + 0.093 


0.14 + 0.015 
0.73 + 0.058 
0.37 + 0.028 


1.11 + 0.079 


2.26 + 0.15 


Stratified-Period 


Deposition 
(gm) 
10.4 + 1.7 


3.75 + 0.60 
6.79 + 1.29 


1.56 + 0.25 
33.2 + 3.1 
4.64 + 0.65 


24.8 + 1.9 


82.2 + 5.8 


Note: Correction for mixed period net flux applied. 


Total 
Deposition 
(g m7’) 
11.3 4+ 1.7 


4.09 + 0.61 
7.57 + 1.30 


1.70 + 0.26 
33.9. + 3.1 
5.01 + 0.66 


25.9 + 1.9 


84.5 + 5.8 


Mixed 
Period 
(%) 


9.0 
9.0 
11.0 


9.0 
2.2 
8.0 


4.5 


2.7 
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Table 2.7. Trace Element Concentrations (ug g~') 
In Model Particulate Components 


Metal ‘Diatoms ~~ Caicite’=—S—=~*~*~S*«Srerrigetous 
Cadmium 2.1 + 0.4 25 + 0.3 0.3 
Chromium 41 +7 95 + 13 95 
Copper 54 + 6 39 + 51 
Lead 63 + 11 32 + 20 
Zinc 250 + 40 105 + 88 


a 


In Other Compartments 





Recent Pre-indust. 
Metal Sediment® Sediment” Zooplankton 
Cadmium tel, 0.5-0.7 2.8 
Chromium 83 30-45 27 
Copper 39 15-25 18 
Lead 88 8-10 93 
Zinc 198 40-50 142 
@Cahill.'9 
bMudroch et al.*4 
°This study. 


Trace Metal Content of Components 


Trace metal concentrations in diatom and calcite components were esti- 
mated from particle mass fractions essentially clean with respect to either 
component (Table 2.7). Purity was verified by chemical analysis (component 
model) and optical microscopy. Ten representative particle fractions were cho- 
sen for each component, and trace element concentrations of the fractions 
averaged. 

Trace element concentrations in the terrigenous component (Table 2.7) were 
estimated from data on trace element composition of shales, obtained from 
the same sources utilized for shale major element composition.'*!*'° Since 
trace element concentrations varied only slightly between sources, values were 
averaged. Data from elemental analyses of terrigenous-dominated fractions, 
supporting this approach, will be discussed later. Terrigenous metal fluxes 
calculated in this manner represent a resistant, probably nonlabile fraction. 
Direct or indirect surface uptake of metal from the water column by terrige- 
nous components is not accounted for in the component model. 


Component-Specific Metal Fluxes 


Annual fluxes of the five trace elements associated with the major particle 
events occurring in the water column are shown in Table 2.8. The particle 
component fluxes employed were estimated from the component model and 
represent resuspension-corrected fluxes to the sediment surface, as discussed 
previously. For comparison, metal accumulation rates in bottom sediment are 
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Table 2.8. Component-Specific Annual Metal Fluxes (mg m~”) 
Metal Diatoms Calcite - Terrigenous 


Cadmium 0.22 (74) 0.066 (22) 0.010 (4) 
Chromium 4.21 (43) 2.52 (25) 3.16 (32) 
Copper 5.55 (67) 1.03 (12) 1.69 (21) 
Lead 6.46 (81) 0.85 (11) 0.66 (8) 
Zinc 25.7 (82) 2.78 (9) 2.92 (9) 
Total Model Recent Bottom Regeneration 
Metal Flux? Sediment Flux (%) 
Cadmium 0.30 0.077 74 
Chromium 9.9 5.8 41 
Copper 8.3 2.7 67 
Lead 8.0 6.2 23 
Zinc 31.0 13.9 55 





Note: Figures in parentheses are percents of total model flux. 
®Total = Diatoms + Calcite + Terrigenous 


also shown. Fluxes were calculated from average trace metal levels of recent 
bottom sediment!® and an average sedimentation rate of 70 g/m? year for 
southern basin sediments.”° 

Diatoms are the dominant vector of trace metal supply to the surface sedi- 
ment, transferring 82% of Zn, 81% of Pb, 74% of Cd, 67% of Cu, and 43% 
of Cr total annual flux. Calcite is a significant vector for Cd (22%) and Cr 
(25%), and terrigenous phases play a major role in Cr (32%) and Cu (21%) 
deposition. These values assume no selective loss of metal if partial dissolution 
of a carrier particle occurs in the water column. 

In all cases, the combined influence of the component fluxes is more than 
sufficient to account for sediment-based metal fluxes. In fact, except for 
chromium, diatom deposition alone could account for the sediment metal 
flux. Calcite deposition could supply the sediment flux of cadmium, but not of 
the other metals. A large fraction of the sediment chromium and copper 
accumulation could be supplied by the terrigenous flux alone. Estimates of 
“long-term” recycling range from 23% for lead, to 74% for cadmium, with a 
mean of 52% for all metals. The recycled percentage for lead would be greater 
(61%) if the measured trap flux is used instead of model flux (see discussion). 
These values are higher than the 20% (average of four metals) reported by Sigg 
in Lake Constance.”! In comparison, 60% of total mass flux is regenerated, 
mostly from dissolution of diatoms and calcite, phases which account for most 
of the metal flux. Therefore, significant reassociation of metals with other 
phases must occur before burial. 


Metal Residence/Removal Times for Various Depositional Processes 


Data on filtrable trace element concentrations in southern Lake Michigan 
were also obtained. “Clean” sampling and analysis techniques were employed 
wherever possible. Mean (~ 180 data points per element) trace element concen- 
trations observed at the 160-m station are summarized in Table 2.9. Based on 
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Table 2.9. Mean Filtrable Trace Element Concentrations Observed at the 160-m Station 
Metal pg/L nM mg m-28 


Cadmium 0.019 + 0.006 0.17 2.99 
Chromium 0.58 + 0.011 11.2 92.8 
Copper 0.62 + 0.086 9.8 99.2 
Lead 0.051 + 0.022 0.25 8.16 
Zinc 0.57 + 0.17 8.7 91.2 





4460-m water column. 


filtrable metal concentrations and the particulate metal fluxes (above), resi- 
dence or removal times were calculated (Table 2.10). A comparison is made 
with residence times calculated from metal accumulation fluxes observed in 
bottom sediments. 

Component-specific residence times of metals range from less than 1 to over 
96 years, the range reflecting disparate biogeochemical properties of the ele- 
ments and magnitude of mass fluxes of vectors. The trend among elements in 
residence time (component sum) agrees well with that seen in the bottom 
sediment, but the absolute magnitudes differ, reflecting regeneration at the 
sediment surface. 


DISCUSSION 
Component Fiuxes 
Chemical Phases 


The chemical phases outlined in the eight-phase component model have all, 
except for FEOOH, been identified in the Lake Michigan basin. Other mineral 
phases have been documented but typically are found in minor quantities, and 
little additional interpretive value would be gained by attempting to add more 
mineral phases. All major elements, including Al, Ca, Mg, K, Na, Fe, C, and 
Si (in two chemical forms) were determined, although K and Na data were not 
directly utilized in the model. Particularly valuable was the differentiation of 
Si phases, which enabled the distinction of quartz from other mineral phases 
and, coupled with total Al data, provided a foundation for the shale model. 
Whenever possible, conversion factors were derived from the actual database. 


Table 2.10. Water Column Residence Time, Various Depositional Processes (Years) 
Diatoms + Calcite 
160-m Water 80-m Water Bottom Sediment 


Metal Diatoms Calcite Column Column 80-m Water Column 
Cadmium 14 45 11 5.3 20 
Chromium 22 37 14 6.9 8.0 

Copper 18 96 15 7.6 18 

Lead 1.3 9.6 iat 0.56 0.66 

Zinc 3.6 33 3.2 1.6 3.3 


aT Na Rg sheet SPO ek Ah 
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Table 2.11. Model Analysis of Lake Michigan Particulates: Mass Accounting of Size 
Fractions 


Size Fraction (um) Mean (mg g~") +10 n 
Standing-Crop 





8.2 - 0.4 934.9 40.7 78 

19 - 8.2 994.3 66.0 64 

63 - 19 973.2 37.8 68 

114 - 63 964.4 55.6 48 

212 - 114 999.4 61.0 32 

508 — 212 993.7 56.1 19 

>508 971.0 60.5 11 

Bulk 954.1 28.2 78 
Sediment Traps 

8.2 - 0.4 1013.1 84.9 84 

19 - 82 966.5 58.3 37 

63 - 19 969.7 54.4 68 

114 - 63 978.8 49.2 52 

Bulk 1000.8 69.2 84 
Sediment Core 

Bulk 961.1 19.9 15 


An essentially independent analysis was performed for each component 
(except clay and feldspar, which are both tied to aluminum). Therefore, in lieu 
of direct confirmation of all phases with other techniques, the component 
mass sum is a good measure of model validity. The model is successful (Table 
2.11), especially given the wide variation in composition between size fractions 
and the spatial and temporal variability of the particle system. Over 95% of 
the standing-crop mass and nearly 100% of sediment trap mass can be 
modeled. 

The shale subset of the model analysis is partially validated by mass 


Table 2.12. Model Analysis of Shale Mineralogy 


Constituent Concentration mg g' 
Total feldspars 148.4 
Anorthite 45.1 
Albite 48.0 
Microcline 55.3 
Total clays 405.5 
Chlorite 54.3 
Illite 351.2 
Total carbonates 61.9 
Calcite Soul 
Dolomite 28.8 
Quartz 267.4 
lron excess as FEOOH 58.1 
Carbon as organic matter 18.0 


Total Mass Accounting 959.3 (96%) 
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accounting in Table 2.11. However, greater confirmation is obtained from a 
component reckoning of shale itself (Table 2.12). In total, 95.9% of shale mass 
is accounted for. Si, Al, Ca, K, and Mg are entirely reckoned—as is Fe if 
“excess Fe” is expressed as FEOOH; however, 25% of Na is not accounted for. 
The dominant phases and associated percentages (35% clay, 27% quartz, and 
15% feldspars) are in good general agreement with information on mineralogy 
of Lake Michigan sediments.”?* 

Elemental ratios and, in certain compartments, absolute elemental concen- 
trations of Lake Michigan particulate matter agree remarkably well with pub- 
lished data on shale composition.!*: The absolute concentrations of alumi- 
num and nonbiogenic silicon (quartz and aluminosilicates) in bottom sediment 
core sections > 8 cm in depth are nearly identical to that of average shale. 
The nonbiogenic-silicon-to-aluminum ratio in suspended and trapped particu- 
late matter is very similar (3.09 vs 3.14) to mean shale, which is also the case in 
bottom sediments. Absolute levels of potassium in buried sediment are also in 
good agreement with mean shale. Typical Lake Michigan sediments contain, 
in addition to shale components, significant but variable proportions of dolo- 
mite and calcite.!® These facts validate the general phase analysis and support 
the use of a shale framework for mineral composition of Lake Michigan 
particulate matter. 


Comparison of Sediment Trap and Bottom Sediment Fluxes 


Direct comparison of the trap-based fluxes with the component fluxes 
observed in the sediment core must be approached with caution. Assuming 
traps collect all particles with nearly 100% efficiency (a good assumption 
based on results of a trapping efficiency study''), three major factors must be 
considered before a valid comparison can be made. First, a sedimentation rate 
for the core is required; second, the extent of bottom sediment focusing must 
be addressed; and finally, the degree of water column focusing must be esti- 
mated. Lead-210 dates on nearby cores, cited by Robbins and Edgington” and 
Armstrong and Swackhamer,”’ were used to estimate a mass sedimentation 
rate of 150 g m” yr.! A bottom sediment focusing factor of 2.17 was obtained 
from the ratio of the estimated core sedimentation rate with the basinwide 
average of 69 g m” yr reported by Robbins and Edgington.” No data on 
horizontal distribution of particles and fluxes in the water column are avail- 
able, so water column focusing is assumed to be negligible. 

Comparisons of component flux estimates from traps with those calculated 
from the sediment core (Table 2.13) show sediment accumulation of terrige- 
nous components is greater than the primary flux to the sediment surface. 
Allowing for errors in focusing correction and annual water column variabil- 
ity, it is apparent that at least 10% of calcite and 73% of organic matter are 
lost after deposition. For silica, the loss of 93% agrees well with reported 
retention values of 3-6%.'%”8 

If the mass contribution of phases subject to relatively rapid dissolution 
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Table 2.13. Annual Flux of Model Components to Sediment Surface: Trap and Bottom 
Sediment Estimates (g m~? yr") 





Bottom Bottom Sediment/ 

Trap Sediment Trap 

Clay Wes peeled 17.4 1.54 

Feldspar 4.09 + 0.61 6.32 1.54 

Quartz 7.57 + 1.30 10.1 1.33 

Iron oxide 1.70 + 0.26 2.64 1.68 

Calcite 33.2 +4 3.1 10.5 0.31 

Dolomite 5.01 + 0.66 4.93 0.98 

Organic matter 25.9 + 1.9 6.62 0.26 

Biogenic silica 84.5 + 58 5.97 0.071 
Note: Primary mass flux =174.0 g mays 
Diatoms = 105.6gm~y'! 
Autochthonous calcite = 26.5 g my"! 
Terrigenous = 33.2gm-y"! 


(i.e., carbonates and biogenic silica) are subtracted from the core, profiles of 
aluminum and nonbiogenic silicon become nearly constant with depth. Appar- 
ently, recent inputs of allochthonous phases to the lake have been relatively 
constant and, once buried, are stable for decades. The principal geochemical 
process controlling the bulk mineralogy of the core appears to be dissolution 
of autochthonous phases. Others have also noted that calcite and dolomite 
appear to be sensitive indicators of dissolution in Great Lakes sediments.” 


Metal Fluxes 
Metal Concentrations in Particulate Matter Components 


The trace metal contents of the vectors are those representative of natural 
“pure” phases. Particle fractions were selected to represent times and depths 
over which a given phase dominated in the water column. Although chemical 
and microscopic analysis were used to verify particle integrity, secondary 
chemical associations may also occur. Despite uncertainty about the exact 
nature of the metal-particle bonding mechanism, these phases are the major 
vectors of transport through the water column. 

Variability in the metal content of “pure” components was relatively small, 
typically in the range of 10-15%, except for lead, where a higher degree of 
variability (20%) was found for the same particle group. The lead data may be 
explained by a greater level of water column scavenging (see below), in com- 
parison with other metals. 


Comparison of Component Model and Sediment Trap Fluxes 


Model total metal flux estimates (Table 2.8) are compared with measured 
trap fluxes in Table 2.14. Trap fluxes of metals represent annual estimates 
calculated by summing all stratified deployment periods (resuspension cor- 
rected where necessary), and including a portion of mixed-period flux as 
described earlier. 
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Table 2.14. Comparison of Model Metal Flux Estimates with Measured Sediment Trap 
Metal Fluxes (mg m7? yr~') 


Metal Model* Trap Model/Trap 





Cadmium 0.30 — — 

Chromium 9.9 9.4 1.05 
Copper 8.3 7.1 1.16 
Lead 8.0 16.2 0.49 
Zinc Bt 39 0.81 





8Total flux = Diatoms + Calcite + Terrigenous 


The agreement among estimates for chromium, copper, and zinc is good, 
validating the model approach, and indicating that all major vectors have been 
taken into account. The agreement also implies that little scavenging of these 
elements occurs during particle transit through the water column. A large 
(32%) terrigenous flux component (presumably less labile), coupled with the 
lithophilic, comparatively weak partitioning characteristics of dominant chro- 
mium species, may account for the close agreement (< 5% disparity) between 
chromium flux estimates. The model copper flux is slightly higher (16%) than 
the trap estimate, possibly reflecting a loss to the dissolved organic matter pool 
during particle diagenesis. The affinity of copper species for natural organic 
matter is well documented.?°?! A significant fraction (21%) of the copper flux 
is, like chromium, associated with terrigenous phases. 

The annual zinc flux to the sediment surface, as measured in the sediment 
traps, is ~20% larger than the model estimate. The micronutrient zinc is 
accumulated by diatoms to levels 2.5 to 3 times greater than observed in calcite 
and terrigenous phases. This fact, coupled with the large diatom mass flux 
component, results in a delivery of a very large fraction (82%) of the total zinc 
primary flux by diatoms. Small errors in either diatom mass flux estimates or 
diatom-associated zinc levels could account for the small discrepancy between 
zinc flux estimates. 

The twofold underestimate of lead flux cannot be explained by errors in 
component mass fluxes or particulate lead concentrations. Lead has the great- 
est particle affinity of the metals studied,?2 and scavenging of dissolved lead by 
settling particles could account for a significant fraction of total lead flux at 
this deep station (160 m). Trap data during the stratified period showed 
increasing concentrations of lead in certain particle fractions as particles set- 
tled deeper in the lake, lending credence to the scavenging hypothesis. How- 
ever, scavenging alone cannot account for the flux difference, since a nearly 
complete stripping of “dissolved” lead from the 160-m water column and a 
corresponding compensatory input source is required for the model flux to 
equal the trap-measured flux. Thus, model errors in concentrations of lead in 
terrigenous material or selective overtrapping of lead in sediment traps may 
contribute to the observed difference in flux estimates. 

Diatoms are the major vector for metals because their mass flux exceeds 
other phases by 3-4 times and they accumulate metals to a greater extent than 
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Table 2.15. Comparison of Model Terrigenous Metal Flux with Preindustrial Metal Flux 


(mg m7? yr) 
Metal Preindustrial Model Terrigenous 
Cadmium 0.03 — 0.05 0.010 
Chromium 2.1 -3.5 3.2 
Copper 1.1 -1.9 eZ, 
Lead 0.5 -0.7 0.66 
Zinc 2.7 -3.5 2.9 


Note: Preindustrial metal flux calculated from deep sediment core metal concentrations. 


other components (except for enrichment of chromium in calcite and terrige- 
nous phases). The selective impact of calcite on cadmium transport is consis- 
tent with similarities in calcium and cadmium ionic radii and potential for 
coprecipitation of CdCO, with CaCO,.* 


Comparison of Terrigenous Component and Preindustrial 
Sediment Fluxes 


Model terrigenous metal fluxes are compared with metal fluxes calcu- 
lated from preindustrial metal concentrations in deep sediment cores in 
Table 2.15. Historic (preindustrial) core metal concentrations were taken 
from Mudroch et al.,34 and as discussed earlier, a focused-corrected sedi- 
mentation rate was used to obtain fluxes. A constant sedimentation rate for 
terrigenous material over the length of the core is assumed, a fact sup- 
ported by the core component analysis. Agreement for all metals, except 
cadmium, is very good, indicating that terrigenous inputs could support 
historic metal accumulation in southern Lake Michigan, and that elevated 
metal concentrations in upper (recent) sediments result primarily from 
autochthonous removal mechanisms. 


Fecal Pellet Transport of Metals 


Fecal pellet production and sedimentation is a potentially significant vector 
for elemental and contaminant transport in both oceanic** and lake systems.*¢ 
The importance of this flux component to metal transport in open-water Lake 
Michigan has not been directly quantified, but estimates can be made based on 
currently available data. 

Using data on zooplankton standing stock obtained in this study, a mean 
annual areal concentration of 3540 mg m7 is calculated. This value, based on 
particle samples obtained at 2- to 3-week intervals spanning April-December 
1982, agrees well with other published estimates.*’* Fecal material produced 
by cladocerans is loosely aggregated and unlikely to contribute to primary flux 
at the sediment surface. In contrast, copepods pellets are securely enveloped 
in a peritrophic membrane.*? Copepods represented ~60% of zooplankton 
biomass over the year. Applying a production-to-biomass ratio of 5:1, an 
annual copepod production of 10.6 g m~ is calculated. The fraction of produc- 
tion that reaches the sediment surface is uncertain. However, if all production 
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Table 2.16. Estimated Flux of Copepod Fecal Pellets to Sediment Surface 
Concentration 


ugg”! Estimated Flux % of Total 
Metal in Pellet mg m~? yr“! Model Flux 
Cadmium 2.8 0.014 4.7 
Copper 27 0.14 1.7 
Chromium 18 0.090 0.9 
Lead 93 0.47 5.9 
Zinc 142 0.71 2.3 


Note: Pellet mass flux = 5 gm yr! - 


is packaged” and the average settling distance before breakup is 60 m,*° an 
upper bound on pellet mass transport to sediment surface would be in the 
range of 2 to 4g m” yr." 

Ferrante and Parker measured a copepod pellet number flux of 0.9 cm? 
day at a 100-m station in southern Lake Michigan.** Annualizing this flux, 
and using typical pellet dimensions of 40 x 120 pm and density of 1.25 
g cm,~? 364! results in a pellet mass flux of 0.63 g m” yr", similar to previous 
estimates. 

It was mentioned previously that ~ 80% of annual organic carbon flux was 
associated with diatoms, and only a small percentage (< 10%) of this is 
packaged in pellets. Assuming that one-half of the remaining (20%) organic 
carbon flux is delivered to the sediment surface in the form of fecal pellets in 
mid-summer to early fall, a fecal pellet organic matter flux of 4.5 g m yr“ is 
obtained. If organic matter comprises 50% of diatom-dominated fecal pellets, 
and 100% of late summer pellets, an annual pellet mass flux of 7.3 g m? 
results. 

One additional estimate of zooplankton pellet production may be obtained 
using season-specific community clearance rates for epilimnetic offshore Lake 
Michigan.” Applying Scavia and Fahnenstiel’s carbon-based estimates, an 
annual carbon flux through zooplankton of between 25 and 30 g C m” is 
obtained.” A copepod carbon clearance of 8.1 g m7 is calculated, given a 60% 
copepod biomass contribution and production/biomass ratios of 5:1 and 20:1 
for copepods and cladocerans, respectively. The 8 g C m” equates to a pellet 
mass flux of 20 g m,~ using an average 40% carbon content. If 25% of this 
production were to survive transit, the primary fecal pellet mass flux is about 5 
gm? yr’. 

The estimates of fecal pellet flux tend to converge around 5 g m,”? a mass 
flux comparable to some mineral components, but an order of magnitude 
smaller than major vectors. 

Concentrations of the trace elements in whole zooplankters measured over 
the study period (Table 2.7) are coupled with pellet mass flux to obtain pri- 
mary metal flux associated with fecal pellets (Table 2.16). For chromium, 
copper, and zinc, pellet fiux is only 1-2% of total metal flux, whereas for 
cadmium and lead the corresponding value is about 5%. If phytoplankton 
metal concentrations are applied instead of those for zooplankton, estimates 
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for cadmium and lead would be reduced slightly, and chromium, copper and 
zinc percentages would rise to 2-4%. Thus, fecal pellet transport appears to be 
a minor vector for metal deposition to sediment in this system. However, the 
impact of pellet transport is greater during mid-to late summer, when pellet 
production peaks and other vectors are in decline or not yet operative. 


Metal Fluxes and Residence Times 


Published data on water-column-based metal fluxes for Lake Michigan are 
few. Parker et al. give estimates of the annual deposition of Zn and Cd in the 
southern basin of Lake Michigan of 90 mg m~ and 1 mg m,~* respectively, 
about three times higher than estimated here.“ Their estimates were based on 
short-term uptake experiments in the summer epilimnion and involve assump- 
tions that may not hold true on an annual basis. Eadie et al. estimated, based 
on stratified-period epilimnetic trap fluxes, that the net annual lead flux to the 
southern basin sediments was 12 + 9 mg m” yr, '“ close to the model estimate 
of 8.0 + 1.5 mg m” yr"! and measured trap flux of 16.2 g m~ yr reported in 
this study. Most other reports of metal flux were derived from bottom sedi- 
ment data. Edgington and Robbins, using ?!°Pb-dated sediment cores, esti- 
mated a stable lead flux of 15 mg m7” yr"! for southern Lake Michigan.* Tisue 
and Fingleton reported a zinc depositional flux, calculated from the ratio of 
sediment zinc concentrations with published bottom sediment lead values, of 
18.3 mg m7 yr.-!-* 

The depositional fluxes measured here are compared with reported atmo- 
spheric loadings in Table 2.17.*”*8 A relatively small portion of chromium and 
copper depositional flux is supported by atmospheric inputs, while the atmo- 
spheric input is more than sufficient to supply observed lead depositional flux. 
The atmospheric input represents ~ 60% of cadmium and zinc depositional 
flux, elements with very similar chemical properties. The same trends in signif- 
icance of atmospheric deposition relative to total metal loadings and sedimen- 
tation flux have been noted by Coale and Flegal® and Sigg.?! 


Metal Residence Times and Partitioning 


Several recent papers have noted a strong correlation between residence 
times of metals in aquatic environments and measures of the partitioning 
characteristics of the metals. Two distinct strategies have been applied: 


1. a partition coefficient approach (Kg = C,/Cy), e.g., Morel and Hudson,*? 
using published oceanic water column, sediment, and crustal metal data 

2. a more mechanistic correlative approach, where a chemical property which 
influences partitioning behavior is employed, e.g., Whitfield and- Turner, who 
correlated degree of hydrolysis with residence time*? 


An integrated estimator of particle affinity available directly from our field 
data is the partition coefficient, K,. Partition coefficients with respect to five 
particle phases are given in Table 2.18. These data are comparable in magni- 
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Table 2.17. Comparison of Annual Deposition of Metals to Sediment Surface {Model 
Estimates) with Whole Lake Averaged Atmospheric Loading (mg m™ ) 


Atmospheric Loading Particle Flux 
Eisenreich*’ Schmidt and Andren*® This Study 
Cadmium 0.19 — 0.30 
Chromium _— 1.67 9.9 
Copper 2.07 3.97 8.3 
Lead 11.0 11.0 8.0 
Zinc 19.1 — 31 


Re er 


tude to those given by Sigg for Lake Constance and Lake Zurich, one of the 
few reports of values for freshwaters.° The K,’s given by Sigg represent average 
bulk settling particles (sediment trapped), possibly accounting for the slightly 
lower values than obtained for Lake Michigan speciated standing-crop parti- 
cles. Bulk trapped particles contain a seasonally variable fraction of particles 
with low sorption capacity (allochthonous minerals) and may be biased toward 
larger particles. Both factors would lower K,’s in comparison with the Lake 
Michigan data presented here. Filtrable trace element concentrations are simi- 
lar for Lake Michigan and Lake Constance. 

Metal residence time in the water column should be inversely related to the 
tendency of the metal to associate with particulate phases. Mass sedimentation 
rate also affects total metal residence time and must be considered when 
comparing systems. Regression analysis shows a good relationship between 
relative residence time (i.e., 7/7) and K, (diatoms); K, accounts for 96.4% of 
the variation in basin residence time (Figure 2.8). Diatoms were chosen 
because they are the principal autochthonous removal vector (see Table 2.4). 
The relationship is further improved by including autochthonous calcite via a 
multiple linear regression model (Figure 2.9); nearly 99% of the variation in 
residence time is modeled. Thus, the partition coefficient approach can be 
used for residence time prediction and frames the mechanistic interpretation of 
removal in terms of sorption to the two major autochthonous particle phases. 

Lead, the metal with the greatest particle affinity, has the shortest southern 
basin residence time, only 0.3-0.6 years. Coale and Flegal, comparing atmo- 
spheric fluxes and surface water concentrations, reported an epilimnetic resi- 
dence time of about 1 week for lead in Lake Ontario.* The basin residence time 
reported here corresponds to an epilimnetic residence time of about | month. 


Table 2.18. Trace Element Partition Coefficients (L Kg~") 


Recent 

Bottom 
Metal Diatoms Calcite Terrigenous Sediment Zooplankton 
Cadmium 1.1 x 10° 13 «10° 1.6 x 104 5.8 x 104 1.5 x 10° 
Chromium 7A te 1.6 x 10° 1.6 x 10° 1.4 x 10° AZ 10° 
Copper 8.7 x 104 6.3 x 104 8.2 x 104 6.3 x 104 2.9 x 104 
Lead 422% 7108 6.3 x 10° 3.9 x 10° 1:77 % 108 1.8 x 10° 


Zinc 4.4 x 10° 1.8 x 10° 1.5 x 10° 3.5 x 10° 2.5 x 10° 
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Figure 2.8. Regression of relative residence time of metals on partition coefficient with 
respect to diatoms. 
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Figure 2.9. Plot of multiple regression model predictions of relative residence time of metals 
vs observed relative residence times. 
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The agreement is good, considering the widely disparate sampling, analytical, 
and computational strategies employed, and points clearly to very rapid parti- 
cle scavenging of lead. The overall trend in residence time among metals 
reported by Coale and Flegal® and Sigg* is consistent with residence time and 
K, trends reported here. Zinc, a biophilic element, also has a short residence 
time, on the order of 1.5 years. Copper has the longest residence time among 
the metals examined, averaging 7 years. Selective affinity of copper for colloi- 
dal and dissolved organic matter results in a comparatively long residence 
time.2!5! Adsorption of copper onto humic-coated particles decreases as pH 
increases from neutral to moderately alkaline values typical of Lake Michigan, 
whereas sorption increases for most other metals.” Tisue and Fingleton* used 
recent estimates of water column trace element concentrations and bottom- 
sediment-based sedimentation fluxes to calculate residence times of 15 and 2 
years for cadmium and zinc, respectively. For comparison, we measured an 
average particle residence time at this station of approximately 0.3 years. 

Our Lake Michigan partitioning data are unique in reflecting nearly pure 
major particle phases in the natural environment. Most data are based on 
either synthetic phases in laboratory studies or sediment trap values. Although 
constrained by operational size cutoffs and kinetics (both under investigation), 
these data advance our understanding of “real world” partitioning mechanisms 
and prediction of contaminant fate. 

The observed K, reflects an integration of many factors, including bonding 
characteristics and speciation of the metal, and biogeochemistry of particles 
and solution phases. Variation between metals (differing by up to a factor of 
40), is greater than between particle types (up to a factor of 10), though in 
certain combinations the influences are comparable. The partition data con- 
firm hypotheses (e.g., Morel and Hudson,” Whitfield and Turner,” and Sigg>) 
that algal/zooplankton cell surfaces have a higher affinity for metals (particu- 
larly Cu, Pb, and Zn) than other common aquatic particle surfaces. Affinity 
for metals, coupled with dominance of algal material (intact cells or coatings 
of algal-derived material on other particles) explains the dominant role, in 
Lake Michigan, of phytoplankton (especially diatoms, which generate a large 
vertical flux) in metal transport to the surface sediment. 

Removal from the water column is primarily controlled by phytoplankton; 
however, phases controlling total metal concentration in the water column on 
time scales of years to decades are less certain. Redistribution of metals 
between phases must occur during vector particle dissolution/diagenesis at the 
sediment surface (93% of SiO,, 70% of CaCO,, and 73 % of organic matter are 
lost at or near sediment surface). To support recent metal accumulation rates 
in bottom sediments, a significant fraction of the trace element flux delivered 
via autochthonous vectors must reassociate with other phases. The fraction 
left unassociated (regenerated) averaged —over all metals—52% (62% if ter- 
rigenous flux is considered nonlabile) and corresponds closely with total mass 
regeneration of 50 or 60%. The observed metal retention values correlate 
weakly with K,. However, variation among metals in retention percentages is 
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smaller, particularly if the sediment-trap-based flux of Pb is used. The similar- 
ity in regeneration suggests either the formation of a new controlling phase or 
general similarity in particle reactivity in the sediment environment. The corre- 
lation between residence time and metal partition coefficient observed between 
water and recent bottom sediment is highly significant (r? = .95), indicating 
components of the sediment may exert a long-term influence over residence 
times. 
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CHAPTER 3 


Sorption of Alkylbenzenes to Mineral Oxides 


Judith A. Perlinger and Steven J. Eisenreich 


INTRODUCTION 


Nonpolar, hydrophobic organic chemicals (HOCs) have become common 
groundwater contaminants. Because these compounds are used extensively in 
society, groundwater contamination has become a widespread problem.'? 
Most of these contaminants have relatively high aqueous solubilities and low 
hydrophobicities, and thus sorb to aquifer solids to a limited degree. 

An understanding of the sorption process of HOCs is critical to understand- 
ing the transport of HOCs in groundwater for numerous reasons. First, natu- 
ral processes other than sorption that speed the degradation of HOCs or 
decrease their aqueous concentration in surface environments (e.g., biodegra- 
dation, photolysis, volatilization) tend to occur at very slow rates—or not at 
all—in subsurface environments. Sorption to minerals is the major mechanism 
by which the transport of the HOC with the groundwater is retarded. Second, 
even though HOCs do not sorb to subsurface materials that are low in organic 
matter as strongly as to the relatively higher organic matter surface materials, 
interactions between these chemicals and mineral surfaces are important. Over 
long distances and periods of time, even a small retardation factor will alter 
the shape and size of a contaminant plume.? Third, it is often economically 
infeasible or impossible to sample a contaminant plume extensively and fre- 
quently enough to monitor the plume over time. Therefore, models are 
employed to predict the contaminant transport. The accuracy of these models 
is dependent on an accurate description of the sorption process. Finally, an 
understanding of the sorption (desorption) process is necessary to accurately 
estimate the volume of water that must be pumped and treated to attain 
aquifer remediation. 

For very low f,, (fractional organic carbon content) sorbents, mineral sur- 
faces provide sorption sites for HOCs. The f,, of the subsurface decreases with 
depth* and is typically less than 0.001 in unconsolidated aquifers. Karickhoff 
demonstrated that “mineral phase” sorption was most pronounced for those 
sorbents with a substantial clay-mineral:organic-carbon ratio.® 
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Sorption of HOCs to mineral surfaces has been the subject of few studies. A 
comprehensive theoretical (or empirical) model for sorption of HOCs to min- 
eral surfaces does not exist. Before such a model can be developed, a funda- 
mental understanding of the properties of the solute, solvent, and sorbent that 
influence the sorption process must be gained. Until recently, analytical meth- 
ods were inadequate to measure the low extent of HOC sorption to mineral 
surfaces. In addition, researchers studying sorption to mineral surfaces fre- 
quently used sorbents that were not thoroughly characterized, or that con- 
sisted of a composite of minerals with varying characteristics, or both. This 
made the determination of the influence of particular characteristics of the 
sorbent on sorption of HOCs impossible. 

The general objectives of this research were twofold: 


1. to develop and evaluate the use of a headspace analysis method for studying 
sorption of HOCs to mineral surfaces 

2. to study the mechanism of sorption of HOCs to well-characterized mineral 
oxides 


The objectives of this chapter are, first, to review past studies on sorption of 
HOCs. Proposed mechanisms of sorption of HOCs to minerals and explana- 
tions for the particle concentration effect are reviewed. Second, the conven- 
tions for expressing activity of HOCs are examined. Third, the headspace 
analysis method used in this study and a series of experiments that verify the 
use of headspace analysis for studying sorption are summarized. Finally, the 
findings of a set of sorption experiments using headspace analysis, in which 
benzene was the solute and corundum was the sorbent, are discussed. The 
results of the benzene-corundum experiments suggest that by using headspace 
analysis, changes in the sorbed activity of the solute under varying experimen- 
tal conditions can be observed. 


SORPTION TO MINERAL SURFACES 


Few studies of HOC sorption to mineral surfaces exist compared to sorption 
studies in which the solids contain organic matter. One explanation for the 
paucity of studies is that mineral sorption is viewed as unimportant in surface 
waters because organic matter dominates the sorption reactions. 

The predominance of organic matter in controlling sorption of HOCs has 
been verified for a variety of compounds on many types of soils and sedi- 
ments.*!? Dividing the measured sorption coefficient, K, = sorbed concentra- 
tion (mole/g solid)/aqueous concentration (mole/L), by the fractional organic 
carbon, f,. (g C/g solid), of the solids produces a sorption coefficient, K,., 
which is less variable for a given compound when sorbed to various sediments 
and soils: 


K. 7 K,/fo. (3.1) 
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When organic matter is present in or on the solids in sufficient amounts, the 
sorption mechanism is thought to be one of partitioning of the HOC into the 
organic matter. This can be understood in thermodynamic terms by examining 
the terms in the sorption coefficient as described by Schwarzenbach et al. 
Similar descriptions have been given by Chiou et al.!° and Karickhoff.® The 
sorption coefficient normalized to the natural organic matter of the solids is 


Kerra. VCS (3.2) 
(moles sorbed/mass om)/(moles dissolved/volume water) 


Because C = x/V, where C is concentration, x is mole fraction, and V is molar 
volume, 


_ Xom (# mole/tot # mole)/V,,, (kg/tot # mole) 


Kom = “\ @ mole/tot # mole)/V, (L/tot # mole) 


(3.3) 


where x,,, and x, refer to the mole fraction concentrations in the organic 
matter and water solutions, respectively, and V,,, and V,, are the molar “vol- 
umes” of the two phases. The activity coefficients of the solute in each phase 
(7) are related by Raoult’s convention to the saturation mole fraction accord- 
ing to the free energy equation for the solute in equilibrium with the pure 
liquid phase of the solute. For a solute in the aqueous phase: 


AG = RT(nz, + Inx, -In7z, - In x,) = 0 (3.4) 


where RT are the universal gas constant and absolute temperature (K), respec- 
tively, and the subscripts w and o represent the water and pure liquid solute 
phases, respectively. By assuming that 7, and x, are equal to 1, Equation 3.4 
simplifies to 


Inz, = -In x, (3.5) 
or 
Ty = ASK, (3.6) 


A similar derivation for the solute in the organic matter leads to the 
expression: 


Tom = 1/Xom (3.7) 


The activity coefficients for the solute in each phase (water and organic 
matter) at mole fractions less than saturation are assumed to be not signifi- 
cantly different from their saturation values (this assumption is discussed 
further below). Thus, the sorption coefficient expression can be rewritten as 
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For a series of organic compounds of increasing hydrophobicity sorbing to the 
same sorbent, 7,,, would be expected to be similar, and variation in 7, would 
cause the principal variation in K,,,. Because 7,V, = 1/C,‘*, where C, is the 
solubility of the compound (moles/L), K,,, would be expected to decrease with 
increasing C,‘*. This relation has been observed by various investiga- 
tors.*:!0.14.15 The partitioning process of HOCs between water and organic mat- 
ter is similar to partitioning of HOCs between water and organic solvents. 
Indeed, empirical equations have been developed to relate the sorption coeffi- 
cient to the octanol-water partition coefficient of the form: 


log K,,, = alog K,, + b (3.9) 


where K,,, is the octanol-water partition coefficient. Values for the coefficients 
a and b have been published for different classes of compounds.®*®!+!6 Similar 
correlations between the partition coefficient and solubility®!° and total sur- 
face area of the HOC” have been determined. 

Mineral surfaces are presumed to be insignificant sorbents for HOCs 
because they are typically hydrophilic and preferentially bind water.? The 
organic matter is believed to be a better sorbent because of its hydrophobic 
and polyelectrolyte character. Chiou and Shoup demonstrated this by measur- 
ing the sorption of m-dichlorobenzene and 1,2,4-trichlorobenzene to dehy- 
drated wood-burn soil (f,, = 0.019), and then increasing the relative humidity 
and measuring sorption again.!® On dry soils, the sorption isotherms were 
nonlinear and could be modeled using a BET sorption model for multilayer 
coverage. As relative humidity increased above 0.5, isotherms became linear 
and sorption capacities were reduced by as much as 100-fold. Call found 
similar results.!9 

Chiou and Shoup suggested that water suppressed the sorption of HOCs on 
mineral soils.!* The sorption that occurred in the presence of water at relative 
humidities > 0.5 was attributed to partitioning of the HOC to soil organic 
matter. To support their conclusions, the authors cited previous results of 
Jurinak and Volman, who found that uptake of ethyl dibromide (EDB) on 
various clays was a function of BET surface area.” Rhue et al. have found 
similar results.*! These studies demonstrate the ability of water to outcompete 
HOCs for mineral surfaces. Chiou summarized the most commonly held view 
of sorption of HOCs to natural sorbents:22 


The diverse sorption characteristics with dry and wet soils can thus be reconciled 
by the postulate that the soil behaves as a dual sorbent, in which the mineral 
matter functions as a conventional solid adsorbent and the organic matter as a 
partition medium. . . . In aqueous solution, adsorption of organic compounds by 
minerals is suppressed by water, and hence the soil uptake consists mainly of 
solute partitioning into soil organic matter. The strong vapor sorption by dry soil 
and subsequent suppression by moisture is attributed to mineral adsorption that 
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predominates over the simultaneous uptake by partitioning into soil organic 
matter. 


In groundwater environments, however, natural organic matter can be quite 
sparse,* and thus sorption to mineral surfaces can be important. Even small 
sorption coefficients will cause retardation of a contaminant plume in ground- 
water. Thus, in the past few years, sorption studies using HOCs and inorganic 
sorbents have become more common. 

An f,, equal to 0.001 has been suggested as the critical value needed for the 
partitioning process to dominate over sorption to mineral surfaces.!>3 More 
recent studies have confirmed this value.°?+?8 Below an f,, of 0.001, measured 
sorption coefficients normalized to fractional organic carbon are higher than 
would be predicted by the partitioning models. Schwarzenbach and Westall'* 
measured K,, values that were up to 2.5 orders of magnitude higher than would 
be predicted by their partitioning model. Curtis et al.2629 and Piwoni and 
Banerjee” have found similar results. 

It should be noted that Lee et al. conducted batch and column experiments 
with two aquifer solids having f,.s of 0.00034 and 0.00025.3° They used a two- 
site sorption model to describe the data: one type of site was allowed to reach 
equilibrium, and the other was kinetically hindered from attaining equilib- 
rium. They attributed the kinetically hindered sorption step to diffusion into 
sorbent organic matter. Other investigators have suggested that the same pro- 
cess may be a dominant cause of the slow approach to equilibrium when higher 
f,. sorbents are used.?!*4 Bouchard et al. did not observe nonequilibrium 
conditions for a column experiment in which the sorbent had an f,. of 
0.00033.3! However, there is some indication that slow diffusion into organic 
matter may occur at f,, < 0.001.* 

The paucity of measurements of sorption to mineral surfaces has made it 
difficult to determine the mechanisms of the process, and appropriate models 
for sorption remain difficult to discern. In an early attempt, McCarty et al. 
expressed the sorption coefficient, K,, in terms of sorption to the organic 
matter of the sorbent, K,., as well as sorption to the inorganic material of a 
solid, K,,: 


Kyi =ofiKiso ty fooKoc (3.10) 
where f,, and f,, are the weight fractions of the inorganic and organic materi- 
als, respectively. Assuming K,. >> K,, and f,, = 1, the critical f,,, below 


which sorption to inorganic material would become important, was obtained 
as 


fe No marly Kies (3.11) 


The authors measured K;,, values by performing column sorption experiments 
with silica as sorbent, and benzene, chlorinated benzenes, naphthalene, and 
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tri- and tetra-chloroethylene as solutes. They derived an expression to approxi- 
mate HOC sorption to silica surfaces as 


Ks = (S Ko,°!)/200 (3.12) 


where K,’ (mL/g) is the equilibrium sorption coefficient relating the surface 
and solution concentrations and S is specific surface area (m*/g). The authors 
viewed the sorption process as a minimization of the HOC surface exposed to 
water (hydrophobic effect) by sorbing to the mineral surface. Thus, the more 
hydrophobic the HOC, the greater the sorption constant. In addition, the 
greater the specific surface area of the sorbent available for sorption, the 
greater the sorption constant. 

By combining the two expressions above, the authors derived an expression 
for f,.* in terms of solute and sorbent properties: 


in = 3/200 (3.13) 


This expression implies that the f,, needed to maintain a partitioning process 
must increase as the mineral surface area increases. For sorption experiments 
using low f,, solids, specific surface area has been found to influence the 
magnitude of the sorption coefficient.*°*> Sorbent specific surface area also 
has been observed to influence the sorption coefficient when dehydrated sor- 
bents are used, as previously discussed. Notably, Piwoni and Banerjee found 
no relationship between the sorption coefficient and specific surface area.”8 
However, specific surface areas were measured for only four of the sorbents 
used in their sorption experiments, and three of the four specific surface areas 
were within a factor of four of one another. Equation 3.13 also implies that for 
partitioning into organic matter to dominate over sorption to the mineral 
surface, a higher f,, is necessary for less hydrophobic compounds relative to 
more hydrophobic compounds. In agreement with Equation 3.12, sorption 
studies using mineral sorbents have reported positive correlations between 
sorption coefficients and solute hydrophobicity for sorption experiments using 
low f,, sorbents. !*.76.8.2° Although the model of McCarty et al.23 has not been 
applied to data outside their study, it does provide an expression for the 
influence of specific surface area and solute hydrophobicity on the sorption 
coefficient for low f,, sorbents which has also been observed by other 
investigators. 

Another mechanism of sorption of HOCs to mineral surfaces that may 
occur in addition to surface adsorption was presented by Schwarzenbach et 
al.!? They pictured the mineral surface as being surrounded by water molecules 
that are capable of interacting with the mineral surfaces by van der Waals 
forces, dipole-dipole forces, and hydrogen bonding. These highly attractive 
forces cause the water molecules near the surface (the vicinal water) to orient 
themselves so as to maximize their binding to the surface, resulting in struc- 
ural organization that extends many layers into solution. Thus, the HOC 
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molecules are viewed as partitioning into the ordered layer of water adjacent to 
the mineral surface in addition to adsorbing onto the surface. The main ener- 
getic advantage for a HOC to partition into the vicinal water volume vs the 
bulk water is that once the cavity in the vicinal water is created for the HOC, 
little energy is required to restructure the vicinal water around the organic 
molecule; it is already structured due to its interaction with the mineral sur- 
face. The authors generated a predictive correlation between the sorption 
coefficient to kaolinite and silica, K,,;,, and the infinite dilution activity coeffi- 
cients of the sorbates, 7,, from reported sorption coefficients of various HOCs 
to kaolinite and silica: 


log K,in (L/m’) = 1.4 log 7, - 11 (3.14) 


In this case, K,,;, Was normalized to the surface area of the sorbent (m?) rather 
than the mass of sorbent (g). This accounts for the vicinal water volume if the 
thickness of the vicinal water layer is assumed to be constant for different 
solids. Because log K,,,, increased linearly with log 7,,, the tendency to escape 
solution was a determinant of the magnitude of the sorption coefficient. Equa- 
tion 3.14 supports either a surface adsorption or a vicinal water partitioning 
mechanism. 

The models of McCarty et al.?3 and Schwarzenbach et al.'? are similar in that 
both empirically relate the sorption coefficient to sorbent specific surface area 
and solute hydrophobicity. The primary difference between the two models is 
that the former is based on a mechanism of adsorption to the mineral phase, 
while the latter is based on a mechanism of dissolution into vicinal water in 
addition to surface adsorption. Characteristics of the mineral sorption process 
can be examined to attempt to distinguish which mechanism may be 
operative. 

The kinetics of HOC sorption to minerals indicate that sorption is not rate 
limited for mineral surfaces, but is rate limited for sorbents containing organic 
matter; thus, HOCs do not diffuse into the mineral matrix.>?333637 However, 
this does not indicate whether surface adsorption or dissolution into vicinal 
water occurs. 

Thermodynamically, the overall sorption reaction is weakly exothermic as 
determined by enthalpy measurements.***” However, after accounting for 
solution enthalpies, the enthalpy values of sorption are neutral or weakly 
endothermic. This indicates that no strong HOC-surface interactions are 
involved, and that differences in adsorption from one chemical to another are 
due primarily to variations in their aqueous activity coefficients.'? This sup- 
ports the empirical models that predict sorption is a function of solute hydro- 
phobicity, not mineral properties. 

If dissolution into vicinal water is the sorption mechanism, then changes in 
bulk water parameters such as pH and ionic strength might be expected to 
influence the sorption process. If the vicinal layer thickness is assumed to be 
independent of mineral type,"* mineral type would be important only if surface 
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adsorption is the mechanism. Very few studies have been carried out in which 
specific surface area has been kept constant while mineral type, pH, or ionic 
strength is varied. Horzempa and DiToro examined the effects of pH and ionic 
strength on sorption of HCBP to montmorillonite (f,, < 0.001). They 
observed a decrease of approximately twofold in the sorption coefficient as pH 
was increased from 4 to 11. Although they did not observe an influence of 
ionic strength in the range 10+ to 10°? M for NaCl electrolyte, they did observe 
a twofold increase in the sorption coefficient as ionic strength increased from 
10°* to 10? M when CaCl, was used as electrolyte. They suggested the increase 
could have been due to flocculation of small (colloidal) clay particles that 
would be efficiently removed from solution by centrifugation, and thus cause 
an increase in the measured sorbed concentration. The need to physically 
separate liquid and solid phases to measure the sorption coefficient thus 
obscured the analysis. 

Stauffer and MacIntyre similarly aicaned a decrease in sorption of HOCs 
to low f,, sorbents under basic conditions (high pH) and low ionic strengths.*4 
However, they also observed a decrease in the sorption coefficient depending 
on sorbent type in the order surface soil (f,. = 0.014) > > FeO(OH) > 
aquifer material > aluminum oxide. This change in sorption coefficient may 
have been a result of variations in f,, (not measured for all solids) or variations 
in mineral type. As discussed previously, water molecules have been found to 
outcompete HOCs for the mineral surface. Also, linear isotherms have been 
observed in batch sorption experiments for sorbents having f,.< 
0.001 .!5:26.30.37-41 Linear isotherms for low f,, solids suggests dissolution or parti- 
tioning of the HOCs into vicinal water. Thus, although there are indications 
that dissolution into vicinal water could be an important sorption mechanism 
of HOCs to mineral surfaces, conclusive evidence is lacking. 


PARTICLE CONCENTRATION EFFECT ON SORPTION COEFFICIENTS 


Numerous investigators have observed a decrease in the sorption coefficient 
of HOCs to natural solids with increasing particle concentration. These obser- 
vations have been reported for both laboratory batch experiments*2-47 and 
field measurements.***° A decrease in the binding coefficient of HOCs to very 
small particles (colloids) has also been indicated for studies in which DOC was 
used as the indicator of colloid concentration.*'*4 Four principal causes — 
incomplete phase separation, kinetics, particle interaction, and particle 
aggregation —for the effect of particle concentration on the sorption coeffi- 
cient have been suggested and will be reviewed here. 

The incomplete phase separation of colloidal-sized material (~0.001-1 ym) 
in natural samples may be the cause of the observed effect.4355 Once a HOC 
is equilibrated between a natural sorbent and water, the sorbent and solvent 
phase are physically separated by either centrifugation or filtration: Because 
colloids are smaller than the pore size of most filters, they pass through the 
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filter or remain suspended following centrifugation. Because colloids bind 
HOCs during equilibration, the colloid-bound HOC contributes to the mea- 
sured aqueous concentration, causing it to be artificially high. 

Gschwend and Wu measured indicators of colloids (dissolved organic car- 
bon, light absorbance, and total dissolved solids) and found that the indicators 
increased with increasing particle concentration.** They suggested from these 
measurements that the colloidal organic material was in dynamic equilibrium 
with the particulate organic matter. Washing the sorbents prior to the sorption 
experiment greatly reduced the solids effect. A three-phase equilibrium model 
was developed by Gschwend and Wu to explain the results. Assuming revers- 
ible partitioning between water, particulate organic carbon, and colloidal 
organic carbon, the sorption coefficient can be described as 


K, = foPKoP/(1 + foc Koc’) (3.15) 


where f,.¢ and f,.” are the fractional organic carbon in the colloidal and partic- 
ulate phases, respectively, and K,.° and K,,? are the respective partition coeffi- 
cients normalized for organic carbon content. The ratio of the true sorption 
coefficient to the observed distribution coefficient is given as 


Kikyset tek (3.16) 


Sorption experiments should give true sorption coefficients when K,,° is small 
or when sorbent organic matter is removed from the supernatant (i.e., when 
f,.¢ is small). 

The incomplete separation of colloids cannot explain observations of the 
particle concentration effect for cases in which the phases were not physically 
separated to measure the sorption coefficient.4””7 Thus, other mechanisms 
must be invoked to explain the data. Moreover, as discussed below, the influ- 
ence of sorption kinetics cannot be distinguished from the influence of colloids 
in short-term (24-48 hr) sorption experiments using sorbents with significant 
organic matter content. 

Nonattainment of sorption equilibrium may be the cause of the particle 
concentration effect on the sorption coefficient.©°*°? Recent studies have 
pointed out that the kinetics of sorption are much slower than previously 
thought, even when low f,, sorbents are used.®26.34,58-61 Rarly studies observed a 
rapid increase in sorbed concentration, followed by a leveling off of the sorbed 
concentration. Analytical techniques were not sensitive enough to detect small 
changes in concentration at later times. Thus, many sorption experiments were 
not taken to equilibrium. Karickhoff proposed a two-component sorption 
capacity: one component sorbs HOCs rapidly and attains sorption equilib- 
rium, and the second component sorbs HOCs at a much slower rate.” The 
second component is likely to be reversibly sorbed, but requires much longer 
equilibration times (weeks) than the first component (minutes to hours). 

There is increasing evidence that suggests that the slower sorption step may 
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in many cases be due to diffusion of the HOC into particulate organic matter.* 
Brusseau and Rao compiled literature data on column experiments that exhib- 
ited nonequilibrium sorption.?3 Compiled sorption coefficients spanned seven 
orders of magnitude, and the rate constants spanned six orders of magnitude. 
Paradoxically, an inverse relationship between the sorption coefficient and 
rate constant was observed. After elimination of other possible mechanisms 
(physical nonequilibrium, chemical nonequilibrium, intramineral diffusion) 
for the observed nonequilibrium, they postulated that intra-organic-matter 
diffusion explained the relationship. 

Other recent column sorption studies have suggested the same phenome- 
non.2°-3!.34 Szecsody and Bales studied the kinetics of sorption of substituted 
benzenes to surface-modified silica particles.*” Batch and column studies were 
carried out with aliphatic-coated (C,, C,, and C,,) particles and with particles 
coated with aliphatic chains terminating in a phenyl group. Batch experiments 
required up to 100 hr to reach equilibrium. Diffusion through immobile fluid 
explained some, but not all, of the slow sorption in column experiments. In 
addition, diffusion through the organic phase did not completely explain the 
results because of small diffusional path lengths. Slow binding and release at 
strong sorption sites on the phenyl polymer-modified silica was thought to 
cause the tailing in column experiments. However, chemical nonequilibrium 
has not been observed for HOCs as a rate-controlling step when natural sor- 
bents are used. Diffusion into particulate organic matter is thought to be a 
very important rate-limiting step for natural sorbents. 

Because the sorption coefficient is proportional to organic matter, and if the 
rate-limiting step is diffusion into organic matter, then the approach to equi- 
librium would be slowed by addition of particulate organic matter (i.e., by 
increasing suspended solids containing organic matter), thus causing an appar- 
ent particle concentration effect due to nonattainment of equilibrium. A 
kinetic study of sorption of 4-monochlorobiphenyl to monodisperse polysty- 
rene spheres (f,, = 0.92) demonstrated a diminishing particle concentration 
effect with time on the scale of months.® Increased particle concentration 
appeared to slow the approach to equilibrium for both adsorption and desorp- 
tion processes. Attainment of equilibrium deserves much more attention in 
future sorption studies. 

A third possible explanation of the influence of particle concentration on 
HOC sorption is particle-induced desorption of the reversibly sorbed fraction 
of the HOC.“4..65 In an attempt to demonstrate particle-induced desorption, 
DiToro et al. centrifuged a preequilibrated solute/sediment suspension and 
removed some of the supernatant.“ The authors assumed that the colloid 
concentration remained unchanged while the solids concentration increased. 
Because the particle concentration effect on the sorption coefficient was 
observed, the authors proposed that an increased frequency of particle colli- 
sions at higher particle concentrations was responsible. Although the observed 
particle concentration effect may be attributable to incomplete separation of 
colloids from the aqueous phase,** DiToro proposed that a particle-induced 
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desorption reaction caused the particle concentration effect. Based on 
DiToro and Horzempa’s model, for which sorption components are character- 
ized as either easily desorbed (reversible) or resistant to desorption,® the parti- 
cle interaction model predicts that at low particle concentrations, the partition 
coefficient for the reversible component approaches the classical partition 
coefficient. At high particle concentrations, however, the reversible partition 
coefficient approaches the ratio v,/m, where v, is the ratio of the kinetic rate 
constants for adsorption and particle-induced desorption (v, = kaas/Kp-a), and 
m is the particle concentration. 

The main shortcoming of DiToro’s model is that it lacks a mechanistic 
explanation for the particle-induced desorption reaction. Mackay and Powers 
developed a particle interaction model that supports DiToro’s model but uses a 
mass transfer approach rather than a chemical reaction approach.® When a 
particle collides with another particle, partial desorption of the loosely associ- 
ated HOC occurs. Sorption with time resembles a saw-toothed pattern, with 
asymptotic sorption followed by rapid desorption. It is questionable whether 
the energy of particle collision is adequate to cause desorption.® Furthermore, 
the experiments used to demonstrate this model are not free of the confound- 
ing effects of colloids. 

Aggregation of particles as particle concentration increases also has been 
noted as a possible cause for the decrease in the sorption coefficient. Aggrega- 
tion would cause a decrease in surface area for sorption and an increase in 
diffusional path length.*** A decrease in surface area could cause a decrease in 
the sorption coefficient, and an increase in diffusional path length could result 
in nonattainment of sorption equilibrium during short-term sorption experi- 
ments. Brusseau and Rao reviewed models that describe physical nonequili- 
brium caused by intraaggregate diffusion in column studies.22 Analytical tech- 
niques for monitoring aggregation during batch HOC sorption experiments 
have only recently been applied.® Particle aggregation warrants further atten- 
tion in future studies on sorption. 


ACTIVITY IN THE AQUEOUS AND SORBED PHASES 
Raoult’s and Henry’s Conventions 


Raoult’s and Henry’s conventions are used to determine the aqueous activity 
coefficient (7) of HOCs. The differences and the relation between them will be 
discussed here. The fugacity in the liquid phase according to Raoult’s conven- 
tion and Henry’s convention are equal:® 


i = Xo,” = xT*Ky x (3 . 17) 
Raoult’s Henry’s 
Convention Convention 


ro>lasx>l 7* > lasx > © 
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liquid-phase fugacity 
mole fraction of solute in the liquid 
n° = pure component reference fugacity 
7 = Raoult’s convention activity coefficient 
T* = Henry’s convention activity coefficient 
K,,, = Henry’s law constant, mole fraction basis 


where f, 
my 


The liquid fugacity has units of pressure. The relation between 7 and 7* is 
graphically demonstrated in Figure 3.1. Under Raoult’s convention, the activ- 
ity coefficient at aqueous saturation, 7,, is 1/x,, where x, is mole fraction 
solubility. Thus, different compounds having a range of x, would have 7,, as 
shown. The relationship between 7 and x in the range of mole fractions 
between infinite dilution and saturation (x,” > x> x,,) has been measured in 
only a few cases, but 7 has been empirically related to x as 


log 7 = K(1 - x’ (3.18) 


and is shown for a compound i in Figure 3.1, where 7,; approaches 7,,” 
asymptotically.” K was set equal to log 7,; = -log x,,;. In addition, the activity 
coefficient according to Henry’s convention, 7;*, is proportional to 7, by a 
factor of fp,°/Ky,,;. Notice that the aspect ratios above and below zero on the y- 
axis are different. 

The activity coefficients of the two conventions provide different informa- 
tion about the solute. Applying Equation 3.17 at mole fractions greater than 
infinite dilution and at infinite dilution, the following relation can be derived: 
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Figure 3.1. Relationship between Henry’s and Raoult’s law conventions. 
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(KYK=Xy*)Fp°)/ (KK = Xw* ER”) 
= (Xy*(K2 xy") Ku )/ KY = XW) Ka) (3.19) 


However, because 7* = 1 at x = x,©, the relation simplifies to: 
(X= Xy”)/(K=Xy") = ¥*(KEXY”) (3.20) 


In this manner, the Henry’s convention activity coefficient, 7*, describes the 
deviation of the solute from ideality. Without the infinite dilution activity 
coefficient, 7(x=x,”), no information can be gained about how ideally a 
solute behaves in a given solution using Raoult’s convention. 

The Raoult’s convention activity coefficient, 7, expresses the relative hydro- 
phobicity of compounds having different solubilities. As 7 increases, the 
hydrophobicity of the compound increases. Therefore the Raoult’s convention 
activity coefficient is useful in thermodynamic discussions.” 

In this study, the Henry’s law convention was used to describe the liquid- 
phase fugacity because it was desirable to observe whether the behavior of the 
solute deviated from ideality at mole fractions of 10-8 to 10°. From Figure 3.1, 
the deviation from ideal behavior is expected to be small (< 2%) for the 
alkylbenzene series used in this study because their mole fraction solubilities 
are relatively low (1.7 x 10° to 4.1 x 10“). No measurable deviation from ideal 
behavior was observed.*! Munz and Roberts also observed no deviation from 
ideal behavior for HOCs having mole fraction solubilities ranging from 
6.1 10-7 to 1.2x 103.% For nondissociated substituted 2-nitrophenols which 
have (subcooled) liquid solubilities of 2.1 x 10 to 6.1 x 10-*, Schwarzenbach et 
al. measured ideal behavior up to saturation concentrations.”! For nitrophe- 
nols where intramolecular hydrogen bonding was disturbed or not possible, 
however, Schwarzenbach et al. observed significant deviations from ideal 
behavior.”! These studies provide evidence that relatively insoluble HOCs 
behave ideally in aqueous solution. 


Activity in Sorption Studies 


Most sorption studies carried out with HOCs and natural solids in water 
apply sorption models developed by physical chemists. The use of these 
models involves assumptions about the solvent-solute-solid system under 
study. Although several models have been applied to data from HOC sorption 
experiments (e.g., Freundlich, Toth, BET”), the Langmuir sorption model 
provides a commonly used example. 

For the case of dilute solutions, the Langmuir equation for sorptive equilib- 
rium is written as 


x! + x2 x + x (3.21) 


corresponding to an exchange reaction between solute (x,') and solvent (x,°) on 
the solid surface, where the number of solvent molecules sorbed per solute 
molecule is assumed to be one and the superscripts denote the surface (s) and 
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liquid (1) phases.”? The Langmuir model assumes that once all of the solvent 
has been displaced from the sorbent by the solute, no further adsorption 
occurs. A constant monolayer concentration is reached as solute aqueous 
concentration is increased. 

The model also assumes that the energy of adsorption is constant and that 
there is no migration of the solute on the sorbent surface. The corresponding 
equilibrium coefficient is given as 

K, =.a,'a,'/a;'a;° (322) 
where a is activity. Because a = 7x, where 7 is the activity coefficient and x is 
mole fraction, the complete expression is 


K, = 78X,°79!Xq!/7y!X)'795x,5 (3.23) 


In applying the Langmuir model to experimental data a number of assump- 
tions are made to simplify the expression for the sorption coefficient. First, in 
dilute solution, x,! is assumed equal to one. Second, the equilibrium expression 
(Equation 3.21) is usually further simplified by assuming that the solvent 
forms a distinct liquid phase adjacent to the solid surface such that the mole 
fraction of sorbed solvent, x,’, is equal to one. The equilibrium expression is 
rewritten as the following: 


x! 2 xs (3.24) 


In addition, the solvent is assumed to have the same activity in the liquid and 
sorbed phases, and the solute is assumed to behave ideally in both the sorbed 
and liquid phases. The sorption coefficient according to the above expression 
is thus K, = x,’/x,', or because the concentration of solute in the sorbed and 
aqueous phases, c,° and c,!, is usually measured rather than the mole fraction, 


Kes cf/c) = x v0/7x! (3.25) 


where V,, is the molar volume of the solvent and Q is the total number of sites/ 
g. This is the expression used to compute the sorption coefficient for HOCs 
sorbing to natural sorbents from water. 

Two principal assumptions underlie this simplification of the expression for 
the sorption coefficient. The first is that the solvent has the same activity in the 
bulk liquid and sorbed phases. For the system of interest, that is, water as 
solvent and mineral oxide as sorbent, this assumption may not be valid.3°72:74 
Strong hydrogen bonding between adsorbed water and the mineral surface 
may change the structure of the adsorbed water and alter its activity. The 
second assumption, that the solute behaves ideally in both sorbed and liquid 
phases, also may not be valid for the present system. The charge of the mineral 
surface may cause a “salting out” effect near the mineral surface. 
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Most analytical techniques for measuring sorption are not capable of mea- 
suring 7,!, 7,5, 7)!, or 7,’. In one exception, activity coefficients for the solute 
(ethanol) and solvent (water) in the sorbed and liquid phases were determined 
for adsorption to silicalite particles.*° Significant deviations from ideality were 
found for all of the activity coefficients in the ethanol concentration range 
studied (0.1 to 1 mole fraction). Although the solute aqueous mole fraction 
range of this study (10° to 10-5) is significantly lower than that employed by 
Farhadpour and Bono for ethanol,* it is still possible that the solute or solvent 
behaves nonideally in the liquid or sorbed phases. 


METHOD AND MATERIALS 


A headspace analysis method was used to study the sorption process primar- 
ily to avoid analytical artifacts that have plagued previous sorption studies. 
Typical analytical methods employed by environmental chemists to study 
sorption have been demonstrated to have inherent analytical artifacts that 
complicate interpretation of the results. In particular, batch experiments 
require the physical separation of the liquid and solid phases to determine the 
amount of HOC in each. However, colloidal-size particles that are broken off 
of larger particles during sorption experiments bind the HOC molecules. These 
particles are not completely separated from the liquid phase by conventional 
phase separation techniques (filtration, centrifugation). Headspace analysis 
allows determination of the concentrations of HOC in the aqueous and solid 
phases without the necessity for physical separation of phases. Thus, artifacts 
generated by incomplete phase separation are avoided with headspace analy- 
sis. In addition, headspace analysis can be used to study the aqueous activity 
of HOCs. 

The use of headspace analysis to study sorption of volatile, hydrophobic 
organic compounds from solution to sorbents is not novel.5’7 Numerous investi- 
gators have used the equilibrium partitioning in closed systems (EPICS) tech- 
nique of Lincoff and Gossett to study partitioning of HOCs to solids and 
micelles.2°75-8! The EPICS method employs two closed containers: one con- 
taining water and air only, and one containing water, air, and sorbent. When 
the same amount of solute is added to each container, the difference in the gas- 
phase concentration in the two containers is proportional to the amount of 
solute sorbed. In this way, the sorption coefficient is determined. 

The method employed in this study is different from the EPICS method in 
that only one container is used to measure the sorbed concentration. The 
amount sorbed is computed from the difference between the total mass added 
and that calculated to be present in the water and headspace based on applica- 
tion of Henry’s law to the measured headspace concentration.‘!® This method 
assumes that the solute behaves ideally in the gaseous and aqueous phases and 
that no reactions other than volatilization and sorption occur for the study 
compounds in the concentration ranges employed. The assumption of ideal 
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gas behavior has been discussed further by Mackay and Shiu.” The assump- 
tions of ideal behavior in the aqueous phase was verified as discussed above, 
and the absence of other reactions was verified and will be discussed below. 

The headspace analyzer used in this study was designed after a prototype 
instrument built by Hussam and Carr.® In contrast to previously reported 
headspace analysis methods that have been used in the environmental field, it 
is semiautomated and provides rapid sample analysis and precision of <2% 
for replicate samples. A description of the headspace analyzer can be found in 
Perlinger*! and Perlinger et al.*? 

The compounds selected for this study were a homologous series of 
alkylbenzenes including benzene, toluene, ethylbenzene, propylbenzene, and 
butylbenzene. The physical-chemical properties of these compounds are simi- 
lar to those of many common, low-molecular-weight pollutants (Table 
3.1).7°8486 These compounds are used in a variety of applications and are 
common groundwater contaminants. They are manufactured primarily by 
petroleum refining and coal and coal tar processing. Uses include the manu- 
facture of plastics and resins, aviation and automobile fuel, paints and coat- 
ings, and solvents. The major source of alkylbenzenes in the environment is 
through the use of gasoline.®’ The high solubility and Henry’s law constants of 
the alkylbenzenes were required for this study because of the relatively high 
detection limits of the detection method employed (flame ionization). The 
alkylbenzenes exhibit a range of physical-chemical properties, and thus the 
influence of these properties on the sorption process can be studied. 

The sorbent chosen for the sorption experiments discussed here was corun- 
dum (a-Al,O,). In contrast to some of the previous studies of HOCs to natural 
mineral sorbents, the sorbent used in this study consisted of one mineral, 
rather than a mixture of minerals. It was thoroughly characterized so that the 
influence of characteristics of the sorbent on sorption could be studied. It had 
fixed crystalline structure—in contrast to amorphous solids, the molecular 
structure of which can vary with time. In contrast to clay minerals, it has few 
exchangeable cation sites, does not have variable molecular composition, and 
does not have interlamellar layers that are known to sorb HOCs to varying 
degrees. Thus, this sorbent has reproducible properties that can be quantified 
to assess their influence on HOC sorption. 

The aluminum oxide was obtained from Alcan Chemicals (Cleveland, OH). 
It was combusted for approximately 24 hr at 500°C to oxidize any organic 
matter to CO,,.. The aluminum oxide was characterized by X-ray diffraction 
to have the crystalline structure of a-Al,O, (corundum) and is virtually free of 
organic carbon (f,, = 0.000012). The mean diameter of the corundum is 6.0 + 
0.5 ym. The specific surface area of the corundum is 0.55 m2/g, which is within 
a factor of two of the value computed by assuming that the particles are 
nonporous spheres with a diameter of 6.0 um. The particles are characterized 
by a high surface charge, with a pH, equal to 9.0 + 0.1. Further details of the 
methods used to characterize the corundum and the results can be found 
elsewhere.*! 
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The headspace analysis approach permitted the study of sorption to mineral 
particles while eliminating analytical artifacts typical of batch sorption experi- 
ments. Phase separation was not required to determine the amount of HOC 
sorbed using headspace analysis. If sorption to mineral colloids occurred, only 
the truly dissolved HOC available for air-water exchange was measured. The 
system was virtually organic carbon free. Therefore, intra-organic-matter dif- 
fusion was expected to be absent, and sorptive equilibrium rapidly reached 
(minutes to hours): Size distributions for particles greater than 2 um in diam- 
eter were measured before and after the sorption experiment to monitor for 
particle aggregation over the course of the sorption experiment. This provided 
an indicator of changes in the aggregation state of the particles, which could be 
correlated with changes in the sorption coefficient. Thus, this analysis tech- 
nique allowed the various explanations of the particle concentration effect to 
be examined. 


RESULTS AND DISCUSSION 
Verification of Method 


The method for determination of the concentrations of solute in the gas- 
eous, aqueous, and sorbed phases was verified before performance of sorption 
experiments. Correct use of the method is dependent upon the absence of 
losses from the cell by leakage, the absence of processes other than air-water 
exchange and sorption to the mineral surface, and the establishment of equi- 
librium between the three phases. 

The cell was tested for leakage by adding an equimolar alkylbenzene mixture 
to water in the cell, allowing the alkylbenzenes to equilibrate between the air 
and the water at 20°C, and measuring the gaseous concentration of the 
alkylbenzenes over time. After an initial rapid decrease in gaseous concentra- 
tion during solute dissolution of the alkylbenzenes, the measured gaseous 
concentrations varied by 1.1% or less over 5 days. The variation was random, 
with no systematic decrease in the gaseous concentration over time, indicating 
that no measurable leakage from the cell occurred. 

Titration of a mixture of alkylbenzenes into water in the cell to give mole 
fractions in the range of 10° to 10° and measurement of the equilibrium 
gaseous concentration of the alkylbenzenes resulted in a linear increase in 
gaseous concentration with aqueous concentration.*!*? Linear regressions 
through the data points for each alkylbenzene exhibited zero-intercepts. The 
Henry’s law constants (slopes of air/water regression lines) are given in Table 
3.2, together with the data of Ashworth et al. for comparison.®® The gaseous 
concentration increased linearly with aqueous concentration, indicating that 
the alkylbenzenes participated in no reactions other than volatilization in this 
concentration range. Reactions such as sorption to the glass above or below 
the air-water interface and sorption to the air-water interface do not occur in 
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Table 3.2. Measured Henry’s Law Constants ( x 10? atm m?/mole) 


Perlinger*"? Ashworth et al.°° 
Benzene 4.54 + 2.21% 4.52 + 4.82% 
Toluene 4.92 + 2.46% 5.55 + 2.61% 
Ethylbenzene 5.75 + 2.72% 8.01 + 3.46% 
Propylbenzene 8.37 + 1.60% 8.81 + 1.24% 
Butylbenzene 11.0 + 2.84% =? 


420°C, values from this study based on 36 replicates. 
>Not measured. 


this concentration range. The aqueous activity coefficients for the alkylben- 
zenes do not differ from one as aqueous concentration increases. 

It is important to verify that sorption equilibrium is reached when gas from 
the cell is sampled. In air-water and air-water-solid systems, equilibrium was 
judged to have been reached when the measured air concentration changed by 
less than 2% over time. The coefficient of variance of replicate samples from 
the cell or the gas bulb standard was <2%. The approach to equilibrium in an 
air-water-solid system was studied by adding an alkylbenzene mixture to a cell 
containing water and 1.0 g/L of aluminum oxide at 20°C and sampling the 
headspace of the cell over time (Figure 3.2). The area counts were initially high 
during dissolution of the alkylbenzenes and gradually leveled off. Samples 
taken over 200 hr showed that the area counts became constant after approxi- 
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Figure 3.2. Time required for equilibrium between sorbed, aqueous, and gaseous 
alkylbenzenes. An equimolar mixture (198 mL) was added to the 4270 mL cell 
containing 4.0 L water and a corundum concentration of 1.0 g/L at 20°C. The 
measured area counts of all of the alkylbenzenes in gas samples taken over 
time became constant after approximately 350 min. 
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Table 3.3. Freundlich Model Parameters for Sorption Ilsotherms 
Freundlich Model: C, = K-C," (n = 1) 





Solids conc: 1.0 2:75 6.0 10 
(g/L) 

K (mL/g) 47 +3.5 19 + 1.2 12 + 0.6 5 + 03 

y-intercept -0.3 +17 -1.1 + 33 1.04 2.7 -0.07 + 3 

(x 107) 

= 885 .930 .950 882 

n 25 22 24 26 





mately 350 min of equilibration. No slow sorption step appears to occur for 
this system. In routine sorption experiments, an equilibrium time of at least 
6.5 hr was used when working with alkylbenzene mixtures in air-water-solid 
systems. 


Benzene-Corundum Sorption Experiments 


To investigate the sorption process at low surface coverages, four sorption 
experiments were carried out with corundum at particle concentrations of 1.0, 
2.75, 6.0, and 10.0 g/L using benzene alone as the solute (pH, 7.0; ionic 
strength, 0.01 M; temperature, 20°C). A sorption isotherm was generated at 
each particle concentration. Linear regression through the data points of each 
isotherm yielded y-intercepts that were not significantly different from zero 
(Table 3.3). The slopes of the regression of each isotherm (equivalent to the 
sorption constant using the Freundlich model, n = 1) decreased with increas- 
ing particle concentration (Table 3.3 and Figure 3.3). 


Comparison of Measured Sorption Coefficients with Literature Values 


In general, the sorption coefficients for benzene reported in Table 3.3 are 
higher than sorption coefficients from the literature (Table 3.4). !5:25:26.28.30.37,89 
All sorption experiments from the literature summarized in Table 3.4 are for 
HOC sorption to solids having f,, < 0.001. The particle concentrations at 
which the sorption coefficients were determined were much higher (56 to 5000 
g/L) than the particle concentrations of the experiments here (1 to 10 g/L). 
The particle concentration effect that causes the decrease of approximately 
one order of magnitude in the sorption coefficients (Table 3.3) may be the 
cause of the difference between sorption coefficients measured here and those 
in the literature. An equation correlating the measured values of log K with the 
log of the particle concentration (Figure 3.3) for the benzene-corundum sorp- 
tion experiments was computed to allow extrapolation to the particlé-concen- 
tration range of the sorption experiments reported in the literature: 
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log(K) = —0.94 log (particle conc.) + 1.7 
r = 0.953 


log(K) (mL/g) 





0.0 0.5 1.0 1.5 


log(PARTICLE CONCENTRATION) (g/L) 


Figure 3.3. Log(K) versus log(particle concentration) for sorption of benzene to corundum 
(pH, 7.0; ionic strength, 0.01 M; temperature, 20°C). The sorption coefficients 
decrease with increasing particle concentration. 


log K = -0.94 log(particle conc.) + 1.7 (3.26) 
4 = 953 


where the units of particle concentration are g/L. At particle concentrations of 
56 and 5000 g/L, the sorption coefficients computed by the above relationship 
would be 1.1 mL/g and 0.017 mL/g, respectively. These values are close to the 
values reported in Table 3.4. 


Cause of the Particle Concentration Effect at Low Surface Coverages 


The observed decrease in the sorption coefficient with increasing particle 
concentration is surprising in that a number of the possible causes that have 
been suggested for the decrease cannot be invoked for these experiments. 
Because physical separation of the solid phase from the aqueous phase was not 
necessary for the determination of the sorbed and aqueous concentrations, 
incomplete separation of colloid-associated HOC from the aqueous phase 
cannot be the explanation. If HOC is sorbed to colloidal-sized mineral parti- 
cles, it is measured in the same way as HOC associated with larger particles. 

The only way that the presence of colloids could affect the sorption coeffi- 
cient in these experiments would be if the mass ratio of colloidal-size particles 
to larger particles changed as a function of particle concentration. To decrease 
the sorption coefficient with increasing particle concentration, the ratio would 


ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


70 





G2 oe 92 auajAyjeouo|yosed =" L. vt0°0 8109 edeyNsqns 0002 9s'0 
GZ oe 92 auegjAyyeouo|yosed =" vlLo'o 9J09 eoeyNnsqns 0002 Lv'O 
Gz oe 92 auajAyjeouojyosed = 0" St0'0 LS eoeynsqns peziuebowoy 0002 Zv'0 
82 00€-01 ve aueZUaqoJo|YyoIpP oe 8z0'0 @J09 eoeNsqns = 00S-00Z £20 
82 00€-01 62 Que|AYyjO@OJO|YOe}9} oe 8z0'0 e100 eoeuNnsqns = == Q0S-00Z 8l'0 
82 006-01 e2 aue|AyjeoJO/ YOU} oe 8z0'0 @109 edensqns = = Q0S-002 920'0 
82 00e-01 v2 euezueq oe 8z0'°0 e109 edeuNsqns = Q0S-002 Se0'0 
82 006-01 ve QUeZUEQOIO|YSIP LL Lz0°0 a109 edeyunsqns = = Q0S—-002 z80°0 
82 00€-01 62 Que|AUyjJOJO|YOeI}9} Lb 1z0°0 @100 eoensqns = = 00S-00Z 610 
82 00€-01 e~2 aue|Ayjeos0] YO} LL 1z0'0 a109 eoeynsqns = QOS-00Z ZE0'0 
82 00e-01 L'2 euezueq LL 1Z0'0 a109 eoeyinsqns == Q0S-002 9z0°0 
82 00€-01 ve ausZUEqolo|YoIP 80 L€0'0 e109 eoensqns }= ==: QOS 002 veo 
82 00€-01 62 aua|Ayje010/YyOeJ}9} 80 L€0'0 @109 edeNnsqns = Q0S-002 seo 
82 006-01 e7@ eua|Ayye0J0] You} 80 L€0'0 9109 eoeynsqns = Q0S-002 880'0 
82 00e-Ol a auezueq 80 L€0'0 @109 eoeunsqns == Q0S-002 8€0°0 
68 000¢-1 gee QUSZUSQOJO|YOIP-O SLL z0°0 Jeyinbe ejn4 002 vl'O 
68 000¢-1 gee QUEZUSQOJO|YOIP-O £0 910°0 Jeyinbe uepiog 002 €0 
68 0002-1 gee QUaZUaqOJO|UDIP-O Z0 LL0°0 Joyinbe AyD asuenesy 002 9¢'0 
68 0002-1 see QUEZUSQOJO|YSIP-O Gl SOLO Joyinbe ajepsyseg 002 £0 
68 0002-1 se'e QuEZUEqOJO|YIP-O S'6 220°0 Joyinbe |jamsied 002 80 
68 0002-1 see USZUSqOJO|YSIP-O Z6 9600'0 Jayinbe sexu! | 002 LO 
68 0002-1 6c°2 euajeuyydeu-w Sh z0'0 Joyinbe ejnj 002 LS’0 
68 000¢-1 62°2 euejeyyydeu-w €0 910°0 seyinbe uspiog 002 S90 
68 0002-1 6c°2 auayeyyydeu-w z0 LL0°0 Jayinbe Ayid asenesL 002 120 
68 0002-1 622 eueyeyyydeu-w Gl SOLO Jeyinbe ajepsyieg 002 96°0 
68 0002-1 6c°2 euejeyjydeu-w S6 2200 Joyinbe |jamsiued 002 Sv'0 
68 000z¢-1 6c°2 euejeyyydeu-w Z76 9600°0 Joyinbe Jey4UL) 002 vr'0 
68 000¢-1 gee auejeujydeu ob z0'0 Jeyinbe ejnq 002 220 
68 000¢-1 gee euejeujydeu £0 910'0 Jeyinbe uepi0g 002 820 
68 000Z-1 gee euejeyjydeu Z0 LLO'O Joyinbe Aid esuenesy 002 L9°0 
68 0002-1 gee euejeujydeu Gl SOLO Jeyinbe ajepsyieg 002 Zg°0 
68 0002-1 gee euayjeujydeu G6 2z0°0 Jayinbe |jamsued 002 Zv'0 
68 000z¢-1 gee euejeyjydeu Z6 9600°0 Jeyinbe Jou! | 002 820 
"y2u (7/67) (moy) 60} punodwog (6/,w) % POS (7/6) (6/qw) 
ebuey vss 204} ss » 
"2u09 "by 





90} JO SanjeA MO7 1e PainseaW $j}Ua!191Jj905 UONdIOS Jo SaNnjeA ainyesez] “y's BIGeL 


71 


SORPTION OF ALKYLBENZENES TO MINERAL OXIDES 


St 
St 
Sl 
Sl 
SI 
Sl 
St 
St 
St 
Sl 
Sl 
Sl 
0€ 
0€ 
0€ 
0€ 
Ze 
Ze 
Ze 
Ze 
9¢ 
9¢ 
9¢ 
9¢ 
9¢ 
Se 
Se 


0008-0001 
008-001 
0071-0004 
00S7—000¢ 

0€ 
0009 
ols 
OLOL 
0c 
cee 
0€ 
ce 
Le 


0€ 


QUSZUBQOIOJYORIIO}-S‘p‘Z | 
QUsZUSqOJO|YII}-p'Z Lb 
QUsZUSqOIO|UDIP-F* | 
aueZUEqoJO|YyoO 
QUSZUSQOIOJYICO}-S‘p‘7' | 
QUSZUSQOIO|YN}-p‘Z' Lb 
QUEZUSqOJO|YIP-H* | 
auEeZUsqoJO|Yo 
QUSZUSQOIOJYICI}O}-G‘P'7 
QUSZUSQOIO|YON)}-7'Z |b 
@USZUSEQOIO|YSIP-F* | 
eueZUsqoJO|YyoO 

auajAx-d 

auejAy}eO1O|YIJ} 

auajAx-d 

auajAyeos0|YIJ} 
euezueqoJojyoRjued 
QUBZUSQOIO|YIIP-F* | 
QUBZUSQOJO|YOIP-F* | 
e@usN|oj}OyIU-d 
eaueYyjeoso|yoexey 
QUSZUSQOIO|YOIP-Z* | 
eauajAyjao10|yosed 
WIOJOWOIG 

aplojyoes}9} UOqUeD 
eusjAujeo10jyosed 
eugjAujeo10|youed 


00S 
00S 
00S 
00s 
Oct 
Oct 
Oct 
Ocl 


LoO';0> 
L00> 
LO';O> 
LOO0> 
10 0> 
Lo';0> 
LoOo= 
LoO= 
90°0> 
90°0> 
900> 
90°0> 
veo'0 
veo'0 
$c0°0 
S¢c0'0 


BOIIIS 

BOIIIS 

BOIIIS 

BOIIIS 

BUILUNn|Y 
BUN] 
BUILUn|Y 
BUILUNIY 
uljoey 

uljoey 

uljoey 

uljoe} 

Joyinbe ein 
Joyinbe ein] 
Jajinbe uapiog 
Jayinbe uapiog 
BOI|Is 

BoljIs 

Bollls 

Bollls 


pues uepiog 41Nq 
pues uepiog ying 
pues uapiog ying 
pues uepiog 41NgG 
pues uepiog ING 


9109 edeyNnsqns 
9109 eoejnsqns 


ZIv-991 
Zty-991 
ZIv—-991 
Zly—-991 
Zty-991 
Z1v-991 
ZILv-991 
LZIv-991 
LZtv-991 
Z1v-991 
Zly—-991 
ZIv-991 
000S 
000s 
000s 
000S 
9g 
9S 
9S 
Stl 
0002 
0002 
000¢ 
000¢ 
0002 
000¢ 
000¢ 


6€ 
Le 
87 
vi8'0 
92°0 
970 
eZt'0 
S9L°0 
9970 
vS'0 


ee eee 


punodwo9g 


PHOS 


(7/5) 
ss 


(6/71w) 
x 


panuyuoo “pe a1qeL 


72 ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


have had to decrease, thus decreasing the surface area available for sorption. 
Such an aggregation of particles was not apparent from particle size distribu- 
tions of particles > 2 wm in diameter measured by coulter counter before and 
after the sorption experiments.*! Even though these particle size distributions 
do not give information about particles < 2 wm in diameter, it seems likely 
that aggregation should be apparent for particles > 2 wm if it were occurring. 
It is concluded that neither the presence of colloids nor particle aggregation 
can explain the decrease in the sorption coefficient. 

Lack of attainment of sorption equilibrium cannot explain the particle con- 
centration effect. Slow sorption kinetics would not be expected for this system 
because the corundum was shown to be nonporous, and therefore intramineral 
diffusion is negligible. The corundum has a low natural organic carbon con- 
tent (f,. = 0.000012), and thus intra-organic-matter diffusion is probably 
negligible. As previously discussed, particle size distributions taken before and 
after the sorption experiments do not change. Thus, particle aggregation does 
not occur, and therefore intraaggregate diffusion cannot be invoked to explain 
the particle concentration effect. 

Of the explanations that have been put forth for the particle concentration 
effect, only the particle interaction explanation of DiToro,® expanded upon 
by Mackay and Powers,® can be invoked to explain these data. An interesting 
feature of the experiments of this work is that at equilibrium, all of the sorbed 
alkylbenzenes would be expected to be at the mineral surface (rather than in 
particle aggregates, pores, or natural organic matter). Other investigators have 
indicated that it is the surface-associated HOC that is influenced by the parti- 
cle concentration effect. According to Mackay and Powers,® it is the “loosely 
sorbed” HOC which is capable of being desorbed by particle collisions. Simi- 
larly, the particle interaction model of DiToro® is based on DiToro and Hor- 
zempa’s reversible-resistant model,” for which sorption components are char- 
acterized as a fraction easily desorbed versus a fraction resistant to desorption. 
Only the reversible component is affected by the particle concentration effect 
according to DiToro’s particle interaction model. 

The data of van Hoof support this view: the particle concentration effect 
observed in batch sorption experiments of 4-monochlorobiphenyl to well- 
characterized polystyrene particles was greatest initially and decreased with 
exposure time (i.e., the sorption coefficient of batch experiments carried out at 
different particle concentrations approached the same value over time).® If it 
is assumed that the initial mechanism by which monochlorobipheny] binds to 
the surface is surface adsorption followed by diffusion of the PCB molecule 
into the bulk solid, then there may be a particle concentration effect exerted on 
surface adsorption.® The results of the experiments carried out in this study 
support this view. 

We suggest that the particles, and perhaps the HOC molecules, alter the 
structure of water at the particle surface, changing the activity coefficients of 
sorbed water (vicinal water), sorbed solute, and/or bulk water. Changes in 
these activity coefficients would cause changes in the sorption coefficient. As 
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discussed earlier, the activity coefficient 7,! for dissolved benzene was deter- 
mined to be one in the mole fraction range of this study in the absence of 
particles.*! However, 7,5, 7,!, and 7,5 are assumed to be one. If, in reality, they 
vary in response to changes in experimental conditions (i.e., changing particle 
concentration), the measured sorption coefficient, K = c,/c,, would also 
change. These results suggest that the nonideal behavior of the solvent and/or 
solute caused changes in the sorption coefficient as particle concentration was 
increased. Further research is needed to understand the mechanism by which 
increasing particle concentration causes the observed decrease in the sorption 
coefficient when ideal behavior is assumed. 


SUMMARY 


Two mechanisms have been suggested for the sorption of HOCs to mineral 
oxides. Too few data exist, however, to confirm which mechanism is operative 
under various conditions. Headspace analysis is useful for studying sorption 
of HOCs to minerals because incomplete phase separation is avoided. The 
headspace analysis method used in this study was verified to give accurate and 
precise results because reactions other than volatilization and sorption to the 
suspended particles do not occur for the alkylbenzenes in the concentration 
range employed in the sorption studies. The particle concentration effect 
observed in the results of the benzene-corundum sorption experiments does 
not appear to be caused by incomplete phase separation, nonattainment of 
sorption equilibrium, or particle aggregation. Rather, these results suggest that 
when activity coefficients are assumed to be one, the measured sorption coeffi- 
cient changes in response to changes in the activity coefficients of the solute 
and/or solvent. 
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CHAPTER 4 


Field-Measured Associations between 
Polychlorinated Biphenyls and Suspended Solids 
in Natural Waters: An Evaluation of the 
Partitioning Paradigm 


Joel E. Baker, Steven J. Eisenreich, and Deborah L. Swackhamer 


K, is a much studied parameter, particularly for adsorption in the laboratory, and 
enjoys a voluminous literature heritage beyond the point of realistic application 
in the natural environment. 

L. J. Thibodeaux! 


BACKGROUND 


The aquatic behaviors of many organic chemicals depend strongly upon 
their high affinities for suspended and settling solids in the water column. 
These associations control the speciation, reactivity, and bioavailability of 
slightly soluble hydrophobic organic contaminants (HOCs), including polycy- 
clic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs). 
Due to the critical importance of HOC-solid associations in surface waters, 
considerable efforts have been dedicated both to understand the underlying 
mechanisms and to develop predictive models of contaminant sorption to 
natural solids.2 In a vast majority of these studies, sorption of individual 
chemicals or simple mixtures to sediments or soils has been measured in labo- 
ratory experiments. Thermodynamic-based partitioning models resulting from 
such studies have been incorporated into surface water quality models. Sur- 
prisingly, there have been very few reported measurements of HOC partition- 
ing in the field under ambient conditions. In an earlier paper,’ we described the 
field-measured partitioning of PCB congeners in Lake Superior. We expand 
that analysis in this chapter by evaluating reported PCB distributions in a 
number of freshwater and marine environments. These data suggest that sev- 
eral assumptions of HOC partitioning models are violated in surface waters 
and that partitioning models inadequately predict HOC speciation within the 
water column. 

Our current understanding of HOC-solid associations is largely based upon 
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the experimental work of Karickhoff and coworkers** and subsequent theoret- 
ical development by Chiou et al.° The magnitude of HOC-particle associations 
directly vary with contaminant hydrophobicity, as parameterized by the 
octanol-water partition coefficient (K,,) or aqueous solubility. As was found 
earlier for sorption of pesticides to soils, Karickhoff et al. determined that the 
extent of HOC-solids associations also depends directly upon the organic mat- 
ter content of the solids. These findings were interpreted by Chiou et al.° as 
evidence that HOC-solid associations result from partitioning of contaminants 
into the relatively nonpolar organic matter portion of natural solids. Chiou et 
al. employed the Flory-Huggins model of solubilization within polymeric 
matrices to develop a mechanistic description of contaminant partitioning, 
using measured relationships among HOC partition coefficients, K,,,, and the 
solid organic matter content.° The resulting semiempirical equations, which 
have been widely used to estimate contaminant partitioning, take the form: 


log K,. = A (log K,,) + B (4.1) 


where the organic carbon-normalized partition coefficient K,, is the ratio of 
particulate organic carbon bound and dissolved contaminant concentrations, 
and A and B are regression coefficients. This partitioning paradigm implicitly 
assumes that HOCs have equal affinities for all particulate organic matter, 
that mass transfer rates are relatively rapid and, therefore, partitioning is at 
equilibrium, and that the dissolved phase and particulate-bound HOCs can be 
unambiguously separated. 

In our earlier study, we reported the failure of the above semiempirical 
equations to describe the observed particle associations of PCB congeners in 
Lake Superior.’ This failure was attributed to the relative importance of 
contaminant-binding colloidal matter in this oligotrophic lake. As described 
by Gschwend and Wu,’ colloids that complex contaminants and are not sepa- 
rated by filtration decrease the apparent contaminant K,: 


Ky = (P/M)/[(D +N)/V] (4.2) 


P = mass of PCB sorbed to filterable solids 
N = mass of PCB sorbed to colloids 

D = mass of PCB dissolved in solution 

M = the mass of filterable particles 

V = volume of water 


where 


Note the distinction between K,, the true thermodynamic partition coefficient, 
and K,, the measured distribution coefficient. Assuming that the complexation 
of PCBs by colloidal matter can be described as an equilibrium partitioning 
process analogous to their sorption to sediment organic matter, rearrangement 
of Equation 4.2 yields 


K, = K,[1 + K(M/V)}" (4.3) 
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where K, and K, are the partition coefficients to filterable and nonfilterable 
particles, respectively, and M, is the mass of colloids. Further, Baker et al. 
argued that the colloid concentration (M,/V) is likely proportional to the 
filterable solids concentration (M/V) and that K, is proportional to K,, 
yielding 


K, = K,{1 + CK(M/V)}" (4.4) 


where the proportionalities above are combined into the constant C. This 
three-phase model predicts the following: 


1. At low values of K, (i.e., more soluble species), Ky approaches K,, and the 
“colloid artifact” is negligible. 

2. The observed distribution coefficient becomes independent of K, and 
approaches a value of 1/[C(M/V)] for highly hydrophobic compounds (i.e., 
the apparent partitioning of all highly hydrophobic compounds will be the 
same). 

3. The observed distribution appears to vary inversely with the suspended solids 
concentration due to the proportional contribution of colloidal-bound HOC 
to the concentration. 


In the following section, several PCB partitioning data sets resulting from 
field measurements are used to evaluate the partitioning paradigm described 
above and to further investigate the potential importance of colloids in the 
aquatic geochemistry of HOCs. 


DESCRIPTION OF PCB PARTITIONING DATA SETS 


The distribution of PCB congeners in natural waters has been investigated in 
several studies by separating the particle-bound and dissolved congeners using 
either high-volume filtration or centrifugation. Dissolved-phase PCBs are iso- 
lated either by passage through an adsorptive resin (e.g., Amberlite XAD-2) or 
by liquid-liquid extraction. PCB distribution coefficients are calculated as the 
ratio of the particle-bound and dissolved-phase concentrations in units of ng/ 
kg and ng/L, respectively. To test the applicability of the partitioning para- 
digm, reported PCB distribution coef ficients were regressed against the conge- 
ner K,, values,® as summarized in Table 4.1. 

PCB distribution coefficients measured in Lake Superior surface waters in 
1980,° 1983,3 and 1986'° are plotted against their K,,’s in Figure 4.1. The 1980 
and 1983 data were used to calibrate the three-phase partitioning model in our 
earlier paper.? The log K, values of all PCB congeners in Lake Superior aver- 
aged 5.67, 4.91, and 4.85 during these three years, respectively. As was noted 
previously,’ Ky values of individual congeners vary more than one order of 
magnitude, far exceeding the estimated analytical uncertainty. In addition, K,, 
is a poor predictor of these observed K, values, explaining at most 30% of the 
variation in K, in 1986. Rather than the systematic two- to threefold variation 
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Table 4.1. Apparent Distribution Coefficients of PCB Congeners 





Log Ky Log Ky = A(Log Kgy) + B 
Mean + SD N A B & 

Lake Superior 

1980 5.67 + 0.66 364 0.01 + 0.06 5.6 + 0.6 0.00 

1983 4.91 + 0.49 797 0.37 + 0.03 2.7 + 0.5 0.16 

1986 4.85 + 0.49 122 0.34 + 0.05 2.7 + 0.4 0.30 
Lake Michigan 

1980 5.76 + 0.45 221 0.11 + 0.06 5.0 + 0.5 0.02 

1986 5.53 + 0.33 126 0.17 + 0.04 44+ 0.3 0.11 
Green Bay, Lake Michigan 

1980 5.44 + 0.45 56 0.23 + 0.09 4.0 + 0.4 0.10 

19873 5.29 + 0.35 71 0.16 + 0.05 4.3 + 0.3 0.15 

1987° 5.68 + 0.55 71 0.00 + 0.08 5.7 + 0.6 0.00 
Lake St. Clair and Detroit River 4 

All OCs 6.32 + 0.43 24 0.33 + 0.05 44+ 0.3 0.62 

PCBs 6.49 + 0.33 11 0.35 + 0.10 4.2 + 0.2 0.57 
North Sea 

1981 5.60 + 0.49 29 0.36 + 0.12 3.3 + 0.5 0.24 


aHigh volume filtration. 
>Continuous-flow centrifugation. 


in log K,; among PCB congeners predicted by the semiempirical partitioning 
equations, the highly variable observed values are largely invariant with K,,. 

Results of PCB partitioning studies conducted in Lake Michigan, including 
Green Bay, are similar to those obtained in the Lake Superior studies. In 1980, 
Swackhamer and Armstrong found that PCB log K, values in Lake Michigan 
averaged 5.76 and were poorly correlated with K,,, (Figure 4.2).!! Similarly, 
Lefkowitz measured an average log K, of 5.53 during three cruises in 1985 
(Figure 4.2).!2 Samples coliected in Green Bay, Lake Michigan, in 1980 and 
1988 yield comparable PCB distribution coefficients,'!3 which are again 
poorly correlated with K,,, (Figure 4.3). In 1987, matched samples collected in 
Green Bay using coincident high-volume filtration and continuous-flow cen- 
trifugation resulted in comparable partition coefficients, suggesting that these 
two methods isolate the same particle size classes from surface waters. 

The distribution coefficients reported by Lau et al. in the St. Clair and 
Detroit Rivers were determined by continuous-flow centrifugation followed by 
extraction of dissolved contaminants from the centrifugate with dichlorome- 
thane.'4 In addition to PCB congeners, this data set includes chlorinated ben- 
zenes and other more soluble organochlorines. As shown in Figure 4.4 and 
Table 4.1, Lau et al. observed a relatively good correlation between K, and 
K,,,, perhaps due either to the inclusion of a wider range of compounds or to 
the avoidance of artifacts in their sampling procedure. '* 

Two samples collected in the North Sea exhibit PCB partitioning behavior 
remarkably similar to that observed in the Great Lakes (Figure 4.5),!5 suggest- 
ing little systematic difference between HOC-particle associations in marine 
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Figure 4.1. PCB congener distribution coefficients versus octanol-water partition 
coefficients, Lake Superior. From Baker et al.,? Capel and Eisenreich,? and 
Baker and Eisenreich.'° 
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Figure 4.2. PCB congener distribution coefficients versus octanol-water Partition 
coefficients, Lake Michigan. From Swackhamer and Armstrong'' and 
Lefkowitz. '2 


and freshwaters. Finally, the PCB distribution coefficients measured in two 
small lakes in Wisconsin (shown in Figure 4.6) also show only a slight depen- 
dence of K, and K,,,.'® 
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Figure 4.3. PCB congener distribution coefficients versus octanol-water partition 
coefficients, Green Bay, Lake Michigan. From Swackhamer and Armstrong"! 
and Swackhamer.'? 


DISCUSSION 


The data presented above show a remarkably consistent PCB distribution in 
surface waters, with relatively little dependence on the collection methodol- 
ogies or the properties of the compounds (e.g., K,). Limited data available 
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Figure 4.5. PCB congener distribution coefficients versus octanol-water partition coefficients 
in two samples collected in the North Sea. From Duinker.'® 
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Figure 4.6. PCB congener distribution coefficients versus octanol-water partition 
coefficients, Crystal and Emrick Lakes, Wisconsin. From Swackhamer.'® 


also suggest poor correlations between PCB K, values and the organic carbon 
content of surface water solids.?! The weak relationship between PCB parti- 
tioning and particulate organic matter may be due to the substantial spatial 
and temporal variability in organic matter composition and to the relative slow 
rates of sorption into the organic matter matrix. In short, the observed PCB 
distributions, while highly variable, are poorly explained by our current under- 
standing of HOC-solid associations. 

The presence of PCB-complexing colloids may explain the observed PCB 
partitioning data if colloids are abundant relative to filterable particles. This 
sampling artifact results in an overestimation of dissolved-phase PCB concen- 
trations, with the error increasing for more hydrophobic congeners. If colloid 
and filterable particle concentration are proportional, this sampling artifact 
results in K, values which appear to vary inversely with the concentration of 
filterable solids. Models that incorporate a “solids concentration effect” to 
mimic this observed behavior may greatly overestimate the actual dissolved- 
phase PCB concentrations, which may lead to erroneous estimates of HOC 
water column residence times and organismal exposure levels. 

Recently, Swackhamer et al. have suggested an alternative explanation for 
the relative consistency in observed PCB distrivution coefficients in surface 
waters.!7 They demonstrate that the rate of uptake of PCB congeners by 
phytoplankton is slow relative to algal growth rates, and that therefore parti- 
tioning is not at equilibrium. They show that the more soluble PCB congeners 
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approach equilibrium more rapidly than do the highly chlorinated congeners 
(log K,,, > 7). The lack of dependence of K, on K,,, observed in surface water 
may result from particulate concentrations of the more hydrophobic conge- 
ners that are lower than their final, equilibrium values. If slow uptake kinetics 
are controlling PCB distributions in surface waters, then the measured dis- 
solved phase concentrations of more hydrophobic HOCs are accurate and 
greater than predicted by equilibrium partitioning. 

It is likely that both the colloid artifact and slow uptake kinetics are driving 
the observed partitioning behavior of PCBs in surface waters. While we can- 
not infer the relative importance of these two processes from the field- 
measured distribution coefficients, it is clear from the data compiled in this 
chapter that our current understanding of HOC-particle associations is insuffi- 
cient to accurately model HOC distributions in natural waters. Improved 
methods for measuring dissolved HOC concentrations in natural waters and 
further characterization of the rates of HOC uptake and release by natural 
particles are necessary to further understand the distributions — and therefore 
aquatic behaviors —of these particle-reactive contaminants. 
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CHAPTER 5 


The Role of Phytoplankton in the Partitioning of 
Hydrophobic Organic Contaminants in Water 


Deborah L. Swackhamer and Robert S. Skoglund 


INTRODUCTION 


The fate and transport of hydrophobic organic compounds (HOCs) in 
aquatic systems are largely controlled by their association with particles. By 
definition, their hydrophobic nature drives them to partition from water to 
particulate matter in the water column. The source, transport, and fate path- 
ways of the particulate matter thus controls the fate of the HOCs. 

This particulate matter is a heterogeneous mixture — both biotic and abiotic 
in nature—that is derived from multiple sources and results in a diverse and 
dynamic particle size distribution. HOCs do not associate with all particles in a 
similar manner, preferring to sorb to particles high in organic carbon or lipid.' 
A large part of the particulate matter in the water column can be derived from 
primary production, consisting of both live and detrital phytoplankton. This 
material can range from 3 to 30% lipid by weight, and thus has a high affinity 
for HOCs. It can be consumed by higher trophic levels, can settle out and 
become incorporated into bottom sediments, or can be mineralized by hetero- 
trophs in the recycling of nutrients. Thus, phytoplankton plays a crucial role in 
the fate of HOCs because it is the primary entrance of particulate-associated 
HOCs into the food chain, and because it can be a major removal mechanism 
of HOCs from the water column via sedimentation. 

Hydrophobic organic compounds generally include those contaminants that 
have low solubilities (< 10 g/L) and high octanol-water partition coefficients 
(log K,, > 4). Many of these compounds have chemical structures that are 
resistent to degradation, and thus they tend to accumulate in tissue lipids and 
bioaccumulate in food webs. Examples of HOCs are the polychlorinated 
biphenyls (PCBs); chlorinated pesticides, such as DDT and its metabolites, 
dieldrin, chlordane, toxaphene, and heptachlor and its epoxide; and industrial 
contaminants, such as hexachlorobenzene, polychlorinated dibenzo-p-dioxins 
(PCDDs), and polychlorinated dibenzofurans (PCDFs). 
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This chapter will provide an assessment of the role of phytoplankton in the 
overall fate of HOCs in water by integrating what is known about the associa- 
tion of HOCs and phytoplankton with current work being done in our labora- 
tory. A discussion of the factors that control uptake, the mechanism of 
uptake, and the kinetics of uptake will be included. 


METHODS 


We have conducted experiments to determine the relative importance of 
sorbent and sorbate properties in controlling the bioaccumulation of HOCs by 
phytoplankton. Our experimental design also included time course studies to 
establish the kinetics of uptake. Under controlled laboratory conditions, single 
phytoplankton species in batch cultures were exposed to a mixture of 40 PCB 
congeners. This suite of compounds was chosen to represent HOCs in general 
and spanned a wide range of physical-chemical properties. Initial phyto- 
plankton mass was 10 mg/L. A spike of PCB was added by acetone carrier, 
resulting in a total concentration of 7 ng/mL. Cultures were maintained at a 
specified temperature with a lighting regime of 16 hours light and 8 hours 
dark. Aliquots were taken at specified time intervals and separated into algal 
and media phases by centrifugation. Determinations of lipid, mass, and PCB 
concentrations were made on each aliquot. 

PCBs were batch-extracted from the media with hexane and isolated by 
Soxhlet extraction of the biomass with 1:1 hexane-acetone. Surrogate stan- 
dards were added prior to extraction to monitor extraction efficiencies in all 
samples and included congeners #14, #65, and #166 (3,5-di-, 2,3,5,6-tetra-, and 
2,3,4,4’,5,6-hexachlorobiphenyl, respectively). All extracts were cleaned by 
alumina and silica gel column chromatography. Columns contained 2-3 g 
anhydrous sodium sulfate over 7 g of 10% deactivated neutral alumina 
(80-200 mesh, activated at 450°C for 4 hr) over 1 g 6% deactivated silica gel 
(100-200 mesh, activated at 300°C for 4 hr) and were eluted with 3x 15 mL 
hexane. Cleaned extracts were reduced in volume, received internal standards, 
and analyzed by capillary column gas chromatography (GC) with electron 
capture detection. The internal standards were congeners #30 (2,4,6- 
trichlorobiphenyl) and #204 (2,2’,3,4,4’,5,6,6’-octachlorobiphenyl). A 
Hewlett-Packard 5890 GC with 30 mx0.25 mm capillary column, “Ni elec- 
tron capture detector, autoinjector, and Waters-Millipore Maxima data system 
was used with the following conditions: 


injection port: 225°C 

carrier gas: H,, 2 mL/min 

oven: programmed from 100 to 280°C at 1°/min 
makeup gas: 95%/5% argon in methane, 20 mL/min 
detector: 350°C 
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All quantitation was done by the internal standard method. 

Field samples were collected by pumping water through sequential filters 
of differing pore size to isolate discrete size fractions of particulate matter, 
and isolating dissolved PCBs on XAD-2 resin. Complete details of sampling 
and analysis of samples from two remote Wisconsin lakes are detailed else- 
where.” Samples from Green Bay, Lake Michigan, were size-fractioned into 
> 102 wm (predominantly zooplankton), 10-102 wm (predominantly phyto- 
plankton), and 0.7-10 um (detritus, nannoplankton). Collections were made 
at two sites in April 1989, July 1989, and February 1990. Samples were 
extracted in the same manner as the laboratory samples and cleaned using a 
column containing fully activated alumina and anhydrous sodium sulfate, 
eluted with 3 x 15 mL of 2% dichloromethane in hexane. Extracts were ana- 
lyzed on a 60-m DB-5 capillary column for all environmentally significant 
congeners after the method of Mullin,’ using the same chromatographic 
conditions as the laboratory samples. 


FACTORS CONTROLLING PARTITIONING OF HOCs TO 
PHYTOPLANKTON 


The equilibrium concentration of an HOC in phytoplankton can be 
described by the bioaccumulation factor (BAF), defined as the ratio of the 
HOC concentration in the phytoplankton (C,, ng/kg, dry weight) and the 
HOC concentration dissolved in the surrounding water (C,, 4, ng/L), expressed 
in equivalent units (L/kg): 


BAF = C,/Cy.4 


The BAF is often normalized to the fraction lipid in the phytoplankton, analo- 
gous to the organic carbon-normalized water-particle partition coefficient, 
Kez 

Many researchers have reported BAFs for a variety of HOCs taken up by 
different species of phytoplankton. A compilation of earlier reviews** and 
more recently published values is provided in Table 5.1. All BAFs are reported 
in terms of wet weight, using a dry weight conversion factor of 5.5 where 
needed.® All of these data were laboratory generated, using axenic cultures in 
most cases. Equilibration times ranged from 1 hour to 3 days. Differences in 
these reported BAFs can be seen for different compounds and for different 
species, as well as among species for the same compound. These variations can 
be attributed to differences in compound properties, differences in surface and 
lipid properties of the phytoplankton, differences in experimental protocols 
among laboratories (e.g., equilibration times, analytical methodologies), and 
kinetic considerations. 

The physical-chemical properties of the compounds that may affect uptake 


94 ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


Table 5.1. BAF (Wet Weight) for a Variety of HOCs and Phytoplankton Species 


Chemical 


DDT 

DDT 

DDT 

DDT 

DDT 
Aldrin 
Aldrin 
Aldrin 
Dieldrin 
Dieldrin 
Dieldrin 
Dieldrin 
Toxaphene 
Phenanthrene 
Pyrene 
Mirex 
PCBs 
PCBs 
PCBs-1254 
PCBs-—1254 
PCBs-1254 
Biphenyl 
2-PCB 
2-PCB 
3-PCB 
4-PCB 
4-PCB 
5-PCB 
5-PCB 
5-PCB 
6-PCB 
6-PCB 
6-PCB 
6-PCB 
6-PCB 
6-PCB 
6-PCB 
6-PCB 
6-PCB 
6-PCB 
8-PCB 
10-PCB 


aAssume dry weight/5.5 = wet weight (see Hansen’). 


Phytoplankton Species 


Selenastrum capricornutum 
Syracosphaera carterae 
Amphidirium carteria 
Tholassiosira fluviatilus 
Ankistrodesmus 
Anabaena cylindrica 
Chlorella 

Chlorelia 

Anabaena cylindrica 
Scenedesmus 

Benthic algae 
Ankistrodesmus 
Chlorella pyrenoidosa 
Selenastrum 
Selenastrum 

Dunaliella tertiolectra 
Chlorella 

Centric marine diatoms 
Nat. assemblage—Skeletomena 
Nat. assemblages in field 
Dunaliella 

Chlorella 

Chlorella 

Chlorella fusca 

Chlorella 

Selenastrum 

Chlorella 

Chlorella 

Selenastrum 

Chlorella 

Scenedesmus quadricauda 
Selenastrum capricornutum 
Selenastrum 

Fragilaria crotonensis 
Ankistrodesmus folcatus 
Microcystis sp. 
Microcystis sp. 
Microcystis sp. 

Cyclotella 

Chlorella 

Chlorella 

Chlorella 


BAF 


12,000 
25,000 
80,000 
25,000 
61,600 
1,300 
12,600 
12,300 
200 
233? 
1000-—300,000 
32,000 
11,000 
4,362? 
6,601 
4,100 
16,000 
65,500—255,000* 
20,000 
40,000 
30,000 
540 
2,700 
4,980 
8,960 
3,300? 
4,776 
11,500 
1,800? 
9,530 
82 
12,000 
10,000—1,000,000 
18,000—55,000 
110,000-—220,000 
10,000—1,000,000 
10,000—1,000,000 
18 
450 
10,000 
10,700 
8,670 


Reference 


13 
36 
36 
36 
19) 
37 
16 
12 
37 
28 
38 
19 
39 
11 
11 
40 
41 
24 
23 
23 
42 
16 
16 
21 
16 
32 
22 
16 
32 
21 
29 
13 
32 

9 

9 

9 
31 
29 
29 
22 
22 
22 


by phytoplankton include the octanol-water partition coefficient (K,,,), aque- 
ous solubility (S), molecular weight, steric configuration, molar volume, and 
parachor (molar volume corrected for surface tension). The phytoplankton 
properties that may be important include lipid fraction, lipid class distribu- 
tion, surface area, surface type, growth, and excretion rate. The relative 
importance of these factors is dependent on the mechanism of the HOC 
uptake by phytoplankton. The possible mechanisms and the associated factors 
that would be most important are listed in Table 5.2. 
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Table 5.2. Possible Mechanisms for HOC Bioaccumulation by Phytoplankton and Factors 
Associated with Those Mechanisms 


Factors 
Compound Phytoplankton 
Properties Properties 
Thermodynamic lipid-water partitioning Kaw lipid fraction 
Ss lipid composition 
Surface sorption Ss surface area 
surface type 
Active metabolic uptake assimilation efficiency uptake rate 
exudate binding constant excretion rate 
Multistep mechanism Kow lipid fraction 
cS) surface area 
steric effects surface type 


Mechanism of Uptake 


The most commonly held theory is that the partitioning of HOCs between 
the lipids of the organism and the dissolved aqueous phase is a thermodynamic 
process that is driven by the concentration or fugacity gradient between the 
phases.’ Thus, at equilibrium it follows that for lipophilic compounds the BAF 
should be directly proportional to the K,,, of the compound and indirectly 
proportional to the aqueous solubility.’* Differences among species in BAFs 
for a given compound should be eliminated by normalization of the BAF to 
fraction lipid. However, Lederman and Rhee report that differences in BAFs 
for three genera of phytoplankton were not eliminated by lipid normalization 
in laboratory experiments.? These results may be due to compositional differ- 
ences in lipids, or to differences in the rates of uptake among genera, since the 
experiments were not taken to equilibrium. 

Several researchers have reported a correlation between the log of the 
lipid-normalized BAF and log K,,.'*!3 Fugacity theory suggests that BAF 
and K,,, are directly correlated, and that the slope of the regression of the log 
transformed values should be one.’ Mailhot reported that hydrocarbon 
BAFs correlated most strongly with the HPLC capacity factor and K,, than 
with other physical-chemical properties such as parachor, molar volume, 
connectivity index, or solubility.!* These and other relationships are 
described in Table 5.3. This supports the thermodynamic lipid-partitioning 
mechanism. Note that in all cases the slope of the line is less than the hypo- 
thetical value of one,’ suggesting a lack of equilibrium. Field-measured 
phytoplankton BAFs from two small Wisconsin lakes and from several sites 
in the Great Lakes failed to show a relationship between BAF and K,,, for 
PCBs (see below).? Our laboratory has tested this hypothesis using 40 PCB 
congeners with a range of log K,,’s from 4 to 9 in axenic cultures of Scenedes- 
mus sp. For congeners with log K,, less than 7, we obtained a strong relation- 
ship between BAF and K,,, (Table 5.3 and Figure 5.1) at or near equilibrium 
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Table 5.3. Relationships between Phytoplankton BAFs and Physical-Chemical Properties 
Equation n ce Species Reference 


log BAF = 0.36 log Koy + 2.1 7 0.81 Selenastrum capricornutum 13 
log BAF = 0.68 log Ky + 0.16 41 0.81 Chlorella 12 
log BAF = 0.7 log Kyy — 0.26 8 0.93 Scenedesmus 10 
log BAF = 0.46 log Ky, + 2.36 8 0.83 Selenastrum 11 
log BAF = 0.78 log Ky, + 3.4 40 0.84 Scenedesmus this study 
log BAF = -0.46 log S + 4.55 34 0.77 Chlorella 16 
log BAF = 0.86 log k’ + 2.98 28 0.89 Selenastrum 13 


8k’ = HPLC capacity factor. 


(see below). An explanation for the apparent differences between field and 
laboratory data will be offered below. 

The type of lipids in the organism may also affect the BAF. Different classes 
of lipids may have different binding constants, which would increase or 
decrease the BAF as a function of lipid composition. No work has been done 
on phytoplankton at this time to elucidate this question. Recent work on 
binding of benzo(a)pyrene to different lipid classes in benthic invertebrates did 
not indicate any difference in binding coefficients. 

Uptake of HOCs by phytoplankton may be simple surface sorption, which 
would be affected by the hydrophobicity of the compound (1/S) and by the 
area and type of cell surface available for sorption. The log BAF has been 


6.0 


Log BAF 
My 
oO 


(Dry weight) 


4.0 
4.0 5.0 6.0 7.0 8.0 


Log Kow 


Figure 5.1. Relationship of log BAF vs log Koy (from Hawker and Connell‘) under 
low-growth conditions (0.03 day~") after 20 days exposure to 40 PCB congeners. 
For congeners with log Koy < 7, r2 = 0.84 and slope = 0.78. Reference line 
has a slope of 1.0. 
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reported to be inversely related to aqueous solubility.4!5!© An inverse rela- 
tionship between BAF and cell size (i.e., direct relationship between BAF 
and surface area) has been reported by Rice and Sikka!’ and Hiraizumi et 
al.,'8 although the interpretation of the 1973 data was questioned by Neudorf 
and Khan.!? Lederman and Rhee found that the uptake of a hexachloro- 
biphenyl by the filamentous diatom Fragilaria increased significantly when 
the filamentous chains were broken up by sonication, increasing the surface 
area available for sorption.’ The authors were careful to point out, however, 
that this difference may have been due to alterations of the cells by the 
sonication treatment. 

Surface sorption would be affected by characteristics of the surface. Hansen 
studied the uptake of lindane by two species of Chlorella having different 
surface types.® C. pyrenoidosa had a gelatinous surface, while Chlorella sp. 
did not. The uptake of lindane by C. pyrenoidosa was significantly enhanced 
in uptake experiments over 3 days. This supports the mechanism of surface 
sorption, with increased uptake by the more organic-rich surface offered by C. 
pyrenoidosa. Lederman and Rhee conducted a series of well-conceived experi- 
ments on the absorption and desorption of '4C-2,2',4,4’,5,5’- 
hexachlorobiphenyl by the diatom Fragilaria.? The study design included 
experiments with live cells, heat-killed cells, acid-killed cells stripped of muci- 
lage, and frustules only. Although their experiments did not reach equilibrium 
in some cases, differences in uptake over time were observed. The uptake for 
mucilage-stripped cells was approximately two times less than for the other 
treatments. Frustules alone showed approximately 30% less uptake in the first 
60 min, with no further significant uptake after that. These experiments indi- 
cate that surface type is important, especially in the initial period of uptake, 
but that it is not the only factor controlling uptake. Field measurements of 
PCB concentrations in phytoplankton from two Wisconsin lakes suggested 
that the BAFs were lower when the community was dominated by diatoms 
than by nondiatoms.? 

The question of whether there is active metabolic uptake of HOCs by phyto- 
plankton has been approached by conducting uptake experiments with live and 
dead cells, both heat-killed and chemically treated; all of the investigators 
concluded that uptake was a passive process. Several studies found no differ- 
ence in uptake of HOCs by live vs dead cells.!’°! In several other cases dead 
cells had greater BAFs than live cells.?!”7.3 Rice and Sikka found that five of 
six test species showed no difference in DDT bioaccumulation with live and 
dead cells, but that dead Amphidinium took up 2 to 2.5 times greater DDT 
than live cells.!? The increase in uptake by dead cells may be due to greater loss 
by excretion by live cells,?? or by cellular alterations by the treatments used to 
kill the cells.? 

A two-step mechanism involving an initial surface sorption followed by a 
transfer to the lipid complex in the cell has been suggested.?!4 Experiments 
by Harding and Phillips indicated that PCBs reached sensitive sites within 
the cell that disrupted the cellular photosynthetic apparatus within hours of 
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exposure.”4 Wang et al. washed exposed cells with solvent and found that the 
extraction of a PCB congener decreased from 96% initially to 74% after 48 
hr and concluded that the PCB had been transferred into, and stabilized by, 
the cell matrix.2! The experiments by Lederman and Rhee discussed above, 
which compared uptake by diatoms vs frustules only, are consistent with this 
proposed mechanism.’ Experiments in our laboratory support this mecha- 
nism.?> Uptake of PCB congeners was initially rapid (hours), plateaued for 
up to 24 hr, followed by a much slower increase in PCB over time (days to 
weeks). A more detailed discussion of the kinetics of uptake is included 
below. 

Transport across, or incorporation into, cell membranes may be affected by 
molecular size and shape.” Our laboratory has conducted experiments 
designed to determine the effect of molecular configuration on the uptake of 
PCB congeners. The BAFs were measured for a series of tetrachlorinated 
biphenyls having from zero to four chlorines in the ortho position. Chlorines 
not in the ortho position were in the meta position. An increase in the number 
of ortho chlorines causes an increase in the nonplanarity of the molecule. 
There was a strong inverse relationship between the log BAF and the number 
of ortho chlorines, as shown in Figure 5.2. The differences are not explained 
by the log K,,’s of the compounds, which differ by less than an order of 
magnitude. These results are consistent with other reports in the literature that 
indicate that bioaccumulation is strongly influenced by the planarity of the 
molecule (e.g., preferential 2,3,7,8-tetrachlorinated dioxin uptake by carp?’). 
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Figure 5.2. Relationship of log BAF vs number of ortho chlorines for five tetrachlorinated 
biphenyls at four time points, under low-growth conditions. 
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“Bulkier” molecules may have more resistance to transfer across structured 
membranes, so that bioaccumulation is controlled by more than lipid content 
only. 


KINETIC CONSIDERATIONS 


Most earlier reports have concluded that equilibrium between HOCs and 
phytoplankton was achieved within hours.**!:!7,20,28,29 There are no published 
uptake experiments lasting more than 3 days. However, Neudorf and Khan! 
and Wang et al.?! noted that their BAFs were still increasing slowly with time at 
the end of their experiments (3 and 28 hr, respectively), indicating a lack of 
equilibrium. 

Experiments were carried out in this laboratory for up to 20 days under 
conditions where algal growth was minimized by temperature (0.03 day-') 
and under normal growth conditions (0.13 day~!). Under low-growth condi- 
tions, the BAFs for congeners with log K,, < 7 were related to log K,, 
(Figure 5.1). However, the BAF values increased continually over the time 
frame of the experiment, with most congeners not reaching equilibrium even 
after 20 days of exposure. The rate of uptake was rapid initially, with 
40-90% of the uptake occurring in the first 24 hr. Uptake then appeared to 
level off, then gradually began to show a small, but steady, increase that 
continued throughout the experiment. This is highly consistent with the two- 
step mechanism for bioaccumulation in phytoplankton. It is our belief that 
previous investigators misinterpreted the decrease in the initial uptake rate of 
their experiments as equilibrium, and terminated the exposures before 
observing the slow but continued uptake. Our observed BAFs at 24 hr are 
similar to those reported in the literature, but the BAFs after 30 days expo- 
sure are considerably greater. We conclude that the overall uptake kinetics 
are considerably slower than previously believed. For congeners with log 
K,, > 7, there was no direct relationship between BAF and K,,,. Since their 
BAFs continually increased over the course of the experiment, it is possible 
that they might eventually reach their K,,-defined equilibrium value. It is 
also possible that their size, shape, or both caused a significant resistance to 
transfer into the cell matrix. 

Different results were obtained when cultures were maintained under typical 
growth conditions. For most congeners, the log BAFs were independent of the 
log K,,’s (Figure 5.3). BAFs were lower for normal-growth conditions than for 
low-growth conditions. These experiments indicate that growth is a major 
factor controlling the uptake of HOCs by phytoplankton, and may be more 
important than K,, under nonequilibrium conditions. For growth conditions 
typical of the Great Lakes (0.06-0.60 day~'),*® it is likely that equilibrium 
would not be reached. 

The effect of growth may be a decrease in uptake of HOCs due to a contin- 
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Figure 5.3. Relationship of log BAF vs log K,,, under normal-growth conditions (0.13 day~') 
for 40 PCB congeners. Data are averages of all time points between 8 and 30 
days throughout the exposure period; error bars are 1 standard deviation. For 
congeners with log K,, > 5, slope is not statistically different from zero. 


ual dilution of the biomass, or an increase in the elimination of HOCs, related 
to an increase in excretion of extracellular products resulting from increased 
cellular metabolism. This elimination pathway may be enhanced as a function 
of HOC exposure.*! It has been reported that excretion of glycolates by 
Selenastrum was increased concurrently with an increase in photosynthesis, 
with no net change in growth at certain concentrations of DDT.*? However, the 
importance of this elimination depends on the magnitude of the association 
constants of the HOC and phytoplankton exudates, which are currently 
unknown. 

Desorption of HOCs from phytoplankton has not been studied as much as 
uptake. Despite differences in experimental design, phytoplankton species, 
and experimental compounds under consideration, all reports agree that there 
is a hysteresis effect, with the desorption kinetics being significantly slower 
than the sorption kinetics.??°4,29 

The importance of kinetics in algal uptake of HOCs that is indicated in our 
laboratory experiments is also borne out in field observations. Figure 5.4 
shows measured BAFs for different size fractions of particulate matter in the 
water column of Emrick Lake, Wisconsin, as a function of K,,, for selected 
PCB congeners. These data were obtained during summer when growth would 
be expected to be high. The 10-to 50-ym size fraction, consisting of*phyto- 
plankton biomass as confirmed by microscopic analysis, shows a 
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Figure 5.4. Relationship of log K, vs log Koy for total water column particulate matter (slope 
= 0.26, r? = 0.66) and the phytoplankton size fraction (10-50 ym, slope = 0.08, 
r = 0.04) in Emrick Lake, WI. 


weak BAF-K,,, relationship. The other size fractions, consisting of zooplank- 
ton and detritus, show a strong BAF-K,,, relationship. These data are inter- 
preted as indicating that PCBs have not reached equilibrium with phyto- 
plankton from these lakes during this time period. 

Similar field samples have been collected from Green Bay, Lake Michigan, 
during spring, summer, and winter months of 1989-1990. The results for 
spring and summer were very similar, and different from the winter results. 
The relationship of the BAFs to K,, are shown in Figure 5.5. The results from 
the spring and summer sampling are similar to the earlier results from the 
Wisconsin lakes and show a poor relationship of BAF to K,,. These data look 
remarkably similar to the laboratory experimental data under normal-growth 
conditions, where phytoplankton growth prevented equilibrium from being 
reached. In contrast, the winter data show a very strong relationship of BAF to 
K,,, Which is similar to the laboratory results under low-growth conditions. 
This is consistent with the minimal-growth conditions expected in Green Bay 
during ice cover, where both light and temperature would be limiting. This 
research is leading us to develop a dynamic model for predicting phyto- 
plankton bioaccumulation of HOCs as a function of phytoplankton growth 
rate and K,,. 
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Figure 5.5. Relationship of log BAF vs log K,y for winter (slope = 0.93, r2 = 0.86) and 
summer (slope = 0.40, r? = 0.46) field collections of phytoplankton size fraction 
(10-102 um) in Green Bay, Lake Michigan. 


FATE OF HOCs BY PHYTOPLANKTON 


The algal composition is a determining factor in HOC fate. In the Great 
Lakes, the biomass is thought to be dominated by nannoplankton (< 20 
pm).*?-34 Their high rates of production and high levels of excretion may limit 
HOC concentrations during productive periods. On the other hand, their large 
surface-area:volume ratio may promote uptake. The role of nannoplankton in 
HOC fate is largely unexplored and requires future attention. 

HOCs associated with nannoplankton may be more available to the food 
chain because zooplankton grazing generally favors the smaller forms of 
phytoplankton.* They also have slower settling velocities than larger phyto- 
plankton, leading to longer residence times in the water column. The rates of 
phytoplankton production relative to zooplankton grazing can also determine 
the importance of food-chain transfer compared to sedimentation. High graz- 
ing rates in areas of low primary production, such as open waters, may favor 
HOC transfer to the food chain; in areas of high productivity with moderate 
grazing pressure, transfer to sediments may dominate HOC fate over food- 
chain uptake. More information is needed on temporal phytoplankton compo- 
sitions and size distributions, production and grazing rates, and settling veloci- 
ties, to form a complete context to evaluate HOC fate in the field. 
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SUMMARY 


Phytoplankton play a critical role in controlling the fate of HOCs in the 
water column because they are high in lipids and because they serve as the base 
of the food chain and as vectors for transport to the bottom sediments. The 
relative importance of these pathways in a given system is dependent on species 
composition and characteristics of the food chain. Previous studies that dem- 
onstrate a relationship of BAF to K,, and to phytoplankton surface properties, 
as well as the data presented here, support the hypothesis that the mechanism 
of HOC uptake is a rapid surface sorption followed by a slower transfer into 
lipids in the cell matrix. Our work on the kinetics of uptake indicates that 
equilibrium is reached slowly and that the rate of uptake is of a similar magni- 
tude as phytoplankton growth under normal field conditions. Thus, a critical 
factor that controls the bioaccumulation of HOCs is the growth rate of the 
phytoplankton itself. It is unlikely that HOCs reach equilibrium in phyto- 
plankton during normal growth periods, therefore indicating that models used 
to predict HOC concentrations in phytoplankton must use a dynamic 
approach. 
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CHAPTER 6 


Quantification and Characterization of 
Pore-Water Organic Colloids 


Yu-Ping Chin, Ann P. McNichol, and Philip M. Gschwend 


INTRODUCTION 


Many marine and freshwater sediment beds are heavily polluted by hydro- 
phobic organic contaminants (HOCs). In some coastal marine waters, such as 
Boston and New Bedford Harbors (Massachusetts), elevated levels of polycy- 
clic aromatic hydrocarbons (PAH) and polychlorinated biphenyls (PCBs), 
respectively, have been found in sediments.'? Efforts currently under way to 
reduce or eliminate the point source discharges of these substances into receiv- 
ing waters include the upgrading of municipal and industrial treatment facili- 
ties and the relocation of outfalls to offshore sites. Unfortunately, the organic 
pollutants currently in the sediments may continue to be harmful to aquatic 
organisms at all trophic levels for decades to come, even after major steps have 
been taken to limit further chemical inputs. 

Hydrophobic organic pollutants are particle reactive and transported to the 
sediment bed from the water column by association with sinking detrital mat- 
ter. In an undisturbed environment, the main mode of pollutant transport 
back to the water column is by molecular diffusion, hindered by the tortuosity 
of the sediment bed and processes such as sorption. Such transport is slow, 
and one would anticipate yearly fluxes of contaminants back into the water 
column to be small. Actual benthic deposits, however, are constantly being 
reworked by burrowing animals, such as shellfish, bottom-feeding fish, and 
worms. This biological activity can facilitate the movement of particle-bound 
substances from lower depths to the sediment-water interface, where the target 
compound can desorb back into the water column.?> Worm burrows can also 
“irrigate” sediments by flushing pore fluids, enhancing fluxes of HOCs back 
into the overlying water.** Quantification of these irrigation and mixing pro- 
cesses is essential for understanding fluxes of organic contaminants from sedi- 
ment beds to overlying waters. Particle-reactive radionuclides, such as 7/°Pb 
and 2*Th, can be utilized to elucidate sediment mixing rates,?!° while more 
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soluble radioactive substances, such as 3H or 2”Rn, are used to study irrigation 
processes.7!! 

Sediment-bed-to-overlying-water releases of organic contaminants are fur- 
ther complicated by the presence of organic colloids in the pore fluids. These 
colloids include macromolecules that are comprised of both humic and labile 
components. Recent evidence has shown that HOCs can be bound by organic 
colloids, and thereby affect their ability to sorb onto sediments.'!’ While 
macromolecules have lower diffusivities than HOCs, these colloids can 
enhance the total amount of hydrophobic substances in the pore waters, as 
observed by Brownawell and Farrington, who found that PCBs in Buzzards 
Bay sedimentary pore-waters were primarily associated with the colloidal 
phase. '® 

The propensity for a particular compound to be bound by a colloid is 
dependent upon the aqueous solubility of the compound and the size and 
polarity of the colloid.'*-!”'9 Therefore, it is likely that the presence of certain 
HOCs in pore water may be greatly enhanced by the presence of interstitial- 
fluid colloidal matter, while other contaminants are less affected (Figure 6.1). 
This phenomenon, coupled with bioirrigation processes, can significantly 
increase releases of organic pollutants from sediment beds over fluxes arising 
solely by molecular diffusion of the target compounds. 

As part of our efforts to understand the enhanced release of hydrophobic 
organic contaminants from sediment beds, we have studied the size, quantity, 
and organic pollutant binding properties of “real world” colloids from both 
marine and lacustrine environments. Total organic carbon analysis (TOC), 
ultrafiltration (UF), and high-pressure size-exclusion chromatography 
(HPSEC) were chosen to determine the pore-fluid colloid concentrations and 
molecular-weight distributions. Free liquid diffusivities of the colloids were 
subsequently estimated based upon the colloids’ measured sizes. Other aspects 
of this work included measuring equilibrium partition coefficients using two 
PAH probes, pyrene and phenanthrene, in an effort to understand the sorbent 
properties of pore-fluid colloids. Finally, the bioirrigation rates from two sites 
in Boston Harbor using ??Rn were determined. Using this information, we 
made preliminary estimates of sediment-bed-to-overlying-water organic con- 
taminant fluxes in the presence or absence of pore-water colloids. 


MATERIALS AND METHODS 
Sample Collection and Preparation 


Sediment cores were taken from three sites in Boston Harbor: at Deer Island 
Flats (DIF), near Spectacle Island (SI), and in the Inner Harbor outside Fort 
Point Channel (FPC). A lacustrine sample was collected at Upper Mystic Lake 
(UML) in Arlington, MA. Sediments were collected using a gravity-or box 
corer and sectioned shortly after sampling. The sediment sections were placed 
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Figure 6.1. Various processes contributing to the transport of toxic chemicals within and out 
of sediment beds: (7) microscopic-scale sorptive exchanges between water, 
colloids, and—larger particles, coupled with macroscopic-scale processes 
controlling phase contact; (2a) diffusion and groundwater exfiltration, (2b) 
pore-water irrigation by infauna, (2c) bed turnover by infauna, (2d) resuspension. 


in 5 M HNO,-rinsed polycarbonate bottles and centrifuged at 600 g for 1 hr. 
The supernatants were drawn off and passed through two type A/E glass-fiber 
filters (Gelman Science, Ann Arbor, MI). The pH for the marine samples was 
determined to be 8.1; the lacustrine pore fluid had a pH of 6.5. Samples were 
then stored in the dark at 4°C until analysis. 

A commercial humate (Aldrich Chemicals, Milwaukee, WI) and Suwanee 
River fulvate (International Humic Substances Society, Denver, CO) were used 
to enable comparisons of our protocol to the procedures reported in the litera- 
ture for assaying the size of colloids. The fulvate was used without any pre- 
treatment, but the humate was extensively cleaned before use by dissolution in 
0.01 M NaOH solution, followed by centrifugation and separation of the 
supernatant from the solids. Subsequent acidification of the supernatant pre- 
cipitated the humic acids, which were separated by centrifugation and redis- 


110 ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


solved in base. This procedure was repeated several times before diluting the 
humic acid solution with a phosphate buffer to working concentrations. Final 
pH values for the fulvic and humic acid samples were 7.7 and 7.2, respectively. 
NaCl was added to some samples to assess ionic strength matrix effects on 
some of the analytical techniques. 

Organic carbon analyses for all samples were conducted on an Ionics 555 
TOC analyzer (Ionics, Inc., Watertown, MA). This instrument uses conditions 
similar to the method recommended by Sigimura and Suzuki.?? Combustion of 
organic matter occurs in a quartz reactor tube packed with platinum and 
heated to 900°C. The technique proved to be precise (5%), and was able to 
assay both marine and freshwater samples by direct aqueous injection. Analy- 
sis of organic colloids by ultraviolet/visible spectrophotometry was conducted 
on a Beckman DU-7 scanning spectrophotometer (Beckman Instruments, Ful- 
lerton, CA). 


Molecular Size Analysis 


High-pressure size-exclusion chromatography was performed using a 
Waters 501 solvent pump coupled with a Waters 484 variable wavelength 
detector, and a Rheodyne rotary injector valve equipped with either a 20- or 
200-uL sample loop (Waters Assoc., Milford, MA). A Waters 300SW modi- 
fied silica column was employed for this study, which has a general molecular 
weight cutoff of 1000 to 2000 based upon the configuration of random coiled 
macromolecules. The column packing was selected based upon its low residual 
hydrophobicity and minimal ion exchange capacity. 

Mobile phases were comprised of Milli-Q water (Millipore, Bedford, MA) 
and phosphate buffers (pH = 6.9). Sodium chloride was added to vary the 
ionic strength from 0.004 M to 0.6 M (approximately that of seawater). A 
large polystyrene sulfonate (molecular weight = 104K) random coil polymer 
was used to determine the void volume, while acetone was used to measure the 
permeation volume. The column was calibrated to both random coil macro- 
molecules comprised of polystyrene sulfonates (18K, 8K, 4.6K, 1.8K) and 
proteins (bovine serum albumin, 67K; carbonic anhydrase, 29K; aprotinin, 
6.5K). Sodium benzoate was also used to elucidate stationary-phase charge- 
exclusion effects. 

Ultrafiltration experiments were done using Centricon microconcentrators 
(Amicon, Danvers, MA) equipped with 30K, 10K, and 3K membranes. Each 
device was extensively rinsed and cleaned in Norganic water (Millipore, 
Bedford, MA). Blanks, using distilled water analyzed for organic carbon after 
ultrafiltration, showed no appreciable leaching of organic matter from the 
membrane or housing materials. Sample (2 mL) was added to the top reservoir 
of each concentrator and capped to minimize evaporative losses. Each appa- 
ratus was centrifuged at 1000 g until the volume of liquid from the upper 
compartment passed through the membrane into the lower reservoir. The 
ultrafiltrate was assayed by both TOC and UV/visible spectrophotometry. 
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PAH-Colloid Binding Studies 


Fluorescence quenching'>:'6?! was applied to study the binding of two PAH 
probes, phenanthrene and pyrene, to pore-water organic colloids taken from 
the Fort Point Channel site. Fluorescence measurements were obtained using a 
Perkin-Elmer LS-5 spectrofluorometer. Optimum excitation/emission wave- 
length pairs were determined to be 230 nm/390 nm for pyrene and 230 nm/373 
nm for phenanthrene. Interfering fluorescence from the organic colloids was 
observed to be minimal at these wavelengths. Saline solutions (I = 0.6 M 
NaCl) were spiked with 10 wL of the probe dissolved in an acetonitrile carrier. 
Saline solutions containing no PAH were used as controls to quantify the 
amount of interfering fluorescence from the colloids. Both the blank and 
sample were transferred to quartz cuvettes, and initial fluorescence emissions 
were recorded. Following this, 100 »L of raw pore water was added to each 
cuvette and allowed to equilibrate. Previous investigators observed short equil- 
ibration times (less than 1 min).!5:'%?! We allowed our samples to sit for about 4 
minutes before making another reading. This process was repeated four or five 
times depending upon the amount of pore fluid available. In between fluoro- 
metric readings, the cuvettes were transferred to the UV/visible spectropho- 
tometer for absorbance measurements to account for inner-filter effects.'>-'® 
The corrected fluorescence data, along with measured colloid concentrations 
(expressed as organic carbon), were used to determine the equilibrium binding 
constant, K,.. 


Radon Analysis 


22Radon was assayed to quantify the intensity of bioirrigation at the Deer 
Island Flats and Spectacle Island sites (this procedure is described in detail 
elsewhere”). Briefly, sediments from each section were transferred to glass 
bottles containing seawater and sealed with silicone sealant. The samples were 
slurried, and the Rn was stripped into gas scintillation counting cells. *Rn 
activity was corrected for the decay that occurred subsequent to sampling. 
Ingrown radon activity was measured several weeks later to determine the 
supported ?*Rn activities. 


RESULTS AND DISCUSSION 
Detection of Colloids by TOC and UV Analysis 


The quantification of colloids has been conducted by ultraviolet spectropho- 
tometry and total organic carbon analysis.”>4 Such observations show a linear 
relationship between TOC and absorbance. A number of separation tech- 
niques, such as HPSEC, rely on TOC-absorbance correlations for quantifying 
colloid fractions. This approach, however, assumes that the extinction coeffi- 
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Table 6.1. Downcore Extinction Coefficients of Raw and Ultrafiltered (< 10K) Pore Waters 
Extracted from Deer Island Flats Sediments 


Raw Pore Water Ultrafiltered Pore Water 
Depth Interval E oc E oc 
(cm) (L/mole-oc cm) (mg/L) (L/mole-oc cm) (mg/L) 

3 140 27 140 12 

5 67 45 82 22 

8 120 30 96 23 

12 120 37 90 29 

16 100 44 110 24 

21 100 49 110 25 
Average 108 + 25 105 + 20 

Aldrich humate 1000 42 900 8.0 


Suwanee fulvate 530 5.5 nd nd 


Note: nd = not determined. 


cient of the mixture of colloids is constant for a specific wavelength both 
before and after any operation that might alter the original mixtures. 

We measured extinction coefficients (€) at 280 nm for raw and ultrafiltered 
pore-water colloids extracted from different sections of the Deer Island Flats 
core (Table 6.1). These coefficients appeared to vary only slightly with depth, 
with an average value of 108 + 25 L/mole-oc cm, a number in good agreement 
with observations made by Stuermer, who reported a value of 149 L/mole-oc 
cm for a coastal marine fulvic acid.?> Aldrich humate and Suwanee fulvate e 
values, however, were a factor of 10 and 5 higher, respectively (Table 6.1), 
suggesting that our colloids are comprised of humic materials with fewer 
conjugated bonds, or may be composed of terrestrial humic matter diluted by 
other macromolecules (e.g., polysaccharides) that do not absorb at 280 nm. 

Removal of macromolecular organic carbon by ultrafiltration (amounting 
to 40-50% of the total initial organic carbon) does not consistently change the 
extinction coefficients of the mixtures (Table 6.1). This suggests that the molar 
absorptivity for these marine pore-water colloids was similar to that of the 
smaller organic components. Thus, detection of our colloid fractions by UV 
and conversion to an organic carbon concentration basis using e = 100 L/ 
mole-oc cm appears justified. 


Coiling and Uncoiling of Organic Colloids 


High-pressure size-exclusion chromatograms of colloidal material from the 
Deer Island pore fluids show very different patterns when this analytical sys- 
tem uses mobile phases with different ionic strengths (Figure 6.2). This was 
representative for all the marine pore-water samples tested. When the concen- 
tration of the mobile-phase electrolyte (sodium chloride) approaches that of 
seawater, all the multipeak chromatograms, observed using lower ionic 
strength eluents, merged into one peak (Figure 6.2c). One interpretation has 
been that results, such as shown in Figure 6.2a, are indicative of a mixture of 
very large, small, and intermediate colloid classes. Upon increasing the 
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Figure 6.2. Separation of pore-water colloids from the Deer Island Flat site (10-14 cm) by 
HPSEC with aqueous mobile phases of different strengths: (a) | = 4x 10-4, (b) | 
= 0.012, (c)| = 0.6. 


mobile-phase ionic strength, they coalesce into one peak because of the over- 
whelming influence of adsorption (onto the stationary phase).2° However, if 
such adsorption occurs, we would expect to see retention of colloids beyond 
the permeation volume of the column (V,). The colloids studied here always 
eluted well before the permeation retention volume. This implies that other 
processes are responsible for variable elution behavior. 

One plausible mechanism that could be controlling the separation of macro- 
molecules by HPSEC is the dynamic in situ coiling and uncoiling of the col- 
loids as they are being eluted. A number of investigators proposed a random 
coil configuration for humic substances which is able to contract and expand 
as a function of ionic strength and pH.?’8 A sample containing concentrated 
dissolved salts, entering the column being run with a low ionic strength mobile 
phase, might have a certain population of its colloids at the front of the mixing 
zone of the analyte and mobile phase where the electrolyte concentration is 
lower. This would cause these macromolecules to expand and increase their 
hydrodynamic radii, preventing the target species from diffusing into the 
smaller pores of the stationary phase. Thus, the population of macromolecules 
uncoiled at the front of the analyte input would proceed quickly through the 
size-exclusion column. Similar molecules in the rear of the injectate would 
move ahead into the electrolyte-rich zone, recoil, and then elute with that 
population of colloids. Humic macromolecules associated with the center zone 
of the salt plug would remain coiled and be able to diffuse into the smaller 
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pores. These types of multimodal polyelectrolytic effects have been docu- 
mented for the separation of well-characterized substances such as polyacry- 
lonitrile sulfonate and nylon 66 by polar solvents.”? The addition of electro- 
lytes to the mobile phase, to match that of the sample matrix, suppresses the 
propensity of the organic colloid to change its conformation during analysis 
and allows consistent size exclusion to occur throughout the analyte-column 
interaction. 

In order to test further the in situ coiling/uncoiling mechanism hypothesis, 
HPSEC analysis of Aldrich humic acid in 0.6 M NaCl solution was performed 
using a low ionic strength mobile phase (0.03 M). The chromatograms resulted 
in a bimodal distribution (Figure 6.3)—similar behavior was seen for pore- 
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Figure 6.3. Separation of Aldrich humic acid in a 0.6 M NaCl solution by HPSEC (mobile 


oe | = 0.03): (a) whole sample, (b) reinjected second peak from previous 
sample. 
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water colloids. The last peak of this HPSEC run was collected and reinjected 
onto the column under identical conditions at a higher detector sensitivity. 
Accurate separation by size in the initial analysis should have reproduced one 
peak with the same retention time; however the rechromatographed sample 
resembled the original whole colloid chromatogram (Figure 6.3b), suggesting 
that the last peak contained a representative mixture of the original macromol- 
ecules in coiled configuration. When rechromatographed this produced the 
Original bimodal distribution by allowing some of the contracted colloids to 
expand. Thus, artifact peaks may be produced in SEC analyses of colloidal 
mixtures if sample matrix and mobile-phase ionic strengths are not carefully 
matched. Consequently, we believe the results obtained (as indicated for Fig- 
ure 6.2c) most accurately reflect the true colloidal size distribution for these 
pore-water materials. 


Charge Repulsion Effects in SEC 


Charge repulsion between colloids and the stationary phase is another mech- 
anism which may affect the separation of colloids by HPSEC. Several 
researchers attributed a decreased retention of the analyte with the diminishing 
mobile-phase ionic strength as evidence for the expansion of the macromole- 
cules;3°3! however, we believe that it is difficult to distinguish between size- and 
charge-exclusion effects in such cases. The composition of size-exclusion chro- 
matography stationary phases (with the possible exception of some of the 
newer resin-based materials) consists of polar substances bonded to silica; 
since some of the silica surface may be uncovered, negative surface groups are 
present at mobile phase pH’s above silica’s pH,,,. (2-4). Polyelectrolytes, such 
as humic substances, may be prevented from diffusing into the stationary- 
phase pores due to these charged sites on the silica support. Addition of an 
indifferent electrolyte to the mobile phase shrinks the thickness of the surface 
double layer to sizes that are small relative to pore openings, thereby allowing 
diffusion of charged solutes into the narrow channels of the packing material. 
A mobile-phase buffer composition that exceeds a critical ionic strength (CIS), 
where the double layer is compressed to a thickness sufficient to enable analyte 
entry to the pores, is necessary before we can isolate effects due to coiling and 
uncoiling of the polymer. 

In order to test this hypothesis, we observed the retention behaviors as a 
function of pH for sodium benzoate and Suwanee fulvate. Matching the ionic 
strength and pH of the mobile phase to that of the fulvate sample matrix 
resulted in the elution of one peak. The CIS, under these circumstances, is 
identified as the ionic strength at which the retention behavior of benzoate 
approaches that of an uncharged probe, acetone. The elution volume for 
benzoate approached a constant value between an ionic strength of 0.03 and 
0.1 M (Figure 6.4). This suggests that at an ionic strength of 0.03 or higher, the 
effect of charge exclusion on benzoate is suppressed for this packing material. 
The fulvate retention ratio also becomes constant near this mobile-phase ionic 
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Figure 6.4. Normalized retention volume (V,/V,) for acetone (filled circles), benzoate (open 
circles), and Suwanee fulvic acid (triangles) as a function of mobile-phase ionic 
strength. 


strength; thus, it is impossible to discern between charge exclusion and coiling/ 
uncoiling effects below this critical ionic strength. Consequently, charge exclu- 
sion appears to be an important process and may cause inaccurate assessment 
of analyte molecular weights if mobile-phase ionic strengths are too low. 


Elucidation of Colloid Molecular Weight by HPSEC 


HPSEC analyses of our colloids, in light of charge exclusion and in situ 
macromolecular configurational changes discussed above, were done using 
high ionic strength mobile phases. Sodium chloride (0.6 M) was added to our 
freshwater samples before analysis, and the colloids were assumed to have 
attained a coiled configuration. Random coil and protein molecular weight 
standards were eluted under similar conditions. The relationship between 
V./V, for the random coil polystyrene sulfonate samples, eluted with a high 
ionic strength mobile phase (I = 0.6), and their respective log molecular 
weights (MW) was 


log MW = 6.99 - 1.73(V,/V,) (6.1) 
n= 5;r = 0.99 


The compact globular protein standards yielded a different regression 
equation: 


log MW = 7.17 - 1.51(V,/V,) (6.2) 


Dn Sr 20199 
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Table 6.2. Estimated Organic Colloid Molecular Weights and Liquid Diffusivities Based 
upon Random Coiled and Globular Configurations 


Random Coil Globular Protein 
Sample MW D,(cm?/sec) MW D,(cm2/sec) 
Deer Island Flats 2000 5.9x 10-6 9100 1.4x 10-6 
Upper Mystic Lake 2100 5.9 x 10-6 9300 1.3x 10-6 
Aldrich Humate 4300 4.8 x 10-6 17000 1.2 10-6 
Suwanee Fulvate 2500 5.5x 1076 11000 1.3x 10-6 


4 


Presumably, the variation in these correlations reflects the differences in 
hydrodynamic size between random coil and globular macromolecules of the 
same molecular weight. While humic molecules cannot coil as tightly as globu- 
lar proteins, we suspect that the presence of branching (as opposed to being 
linear) prohibits them from extending to maximal lengths in low ionic strength 
water for their particular molecular weights. Thus, humic substances probably 
lie between the stretched and globular extremes, and the molecular weight 
distributions for our organic colloid samples were therefore estimated using 
both Equations 6.1 and 6.2 (Table 6.2). 

The molecular weight of Suwanee fulvate, based upon a random coil config- 
uration, is in reasonable agreement with the value of 1910 reported by Beckett 
et al.32 Conversely, our Aldrich humate value is a factor of three smaller than 
the molecular weight (14,500) measured by flow field flow fractionation.” 
During our Aldrich humate cleanup procedure, we removed a large number of 
particles by centrifugation. The inclusion of these particles in an untreated 
sample would result in a higher observed molecular weight irrespective of the 
technique used. Thus, our reported value represents the size of Aldrich 
humates purged of these interfering constituents. 

The magnitudes of liquid macromolecular diffusivities are governed by the 
size and shape of the macromolecules. Such diffusivities can be estimated 
using the following expression:*? 


D, = aM, (6.3) 


where D, is polymer liquid diffusivity, and a and b are empirical constants. For 
polystyrene sulfonates, a was determined to be 1.4210“ and b = 0.422. 
Using the data of Wahlund and Giddings,*? we deduced a different set of 
constants for globular shapes where a = 5.76X 10° and b = 0.411. 

Based on these expressions, and our measured molecular weights of DIF and 
UML pore-water colloids, we estimated the diffusion coefficients of these 
macromolecules using Equation 6.3 (Table 6.2). Note that the results for 
Upper Mystic Lake pore-water colloids were obtained using HPSEC analysis 
with the mobile-and sample-phase ionic strength adjusted to 0.6 M so as to 
avoid charge-exclusion effects. One would suspect that in the lake, these col- 
loids exist in a more extended configuration and would therefore have lower 
diffusivities than indicated in Table 6.2. 
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There is only a small difference in estimated diffusivities between the col- 
loids from various sources (< 25%). Differences in diffusivities based upon 
the two macromolecular configurations, however, vary by a factor of four. As 
for molecular weight, we suspect that the pore-water colloids probably exhibit 
diffusivities between these limits. 


Vertical Distributions of Organic Colloids in Sedimentary 
Pore Waters 


Total and macromolecular organic carbon (that fraction retained by an 
ultrafilter with 3000 globular protein molecular weight cutoff) core profiles 
from four sites indicated that colloid concentrations were enriched in the 
deeper layers for all the samples and depleted near the sediment-water inter- 
face (Figure 6.5). Bioirrigation and biotransformation could explain this 
depletion of macromolecular organic matter. This suggests that part of the 
colloids, in the upper layer of sediment beds, are being released back into the 
water column. We also observed that the organic colloids were not a constant 
fraction of the total organic carbon in the pore water, although both macro- 
molecular and total organic carbon profiles appeared similar. 


Binding of PAH by Pore-Water Organic Colloids 


Quenching of pyrene and phenanthrene fluorescence was observed for pore- 
water organic colloids extracted from Fort Point Channel sediments (Figures 
6.6 and 6.7). Organic carbon concentrations represent the macromolecular 
fraction (> 3000 globular protein MWCO) as measured by ultrafiltration. 
Quenching of pyrene by the ultrafiltrate was determined to be insignificant 
(Figure 6.6). The linear relationship between colloid concentration and inverse 
fluorescence of the probe suggests that quenching processes in this system can 
be described by the Stern-Volmer equation.'>:!° The slopes of the lines yield K,. 
values of 1.01 x 10° mL/g for pyrene and 6.89 x 10* mL/g for phenanthrene. 
The measured pyrene binding coefficient is fairly consistent with values 
reported by other authors for Aldrich humic acid,!>-!© while the experimentally 
determined K,, for phenanthrene is slightly higher. In both cases our marine 
colloidal matter appears to bind the HOCs rather extensively. It is plausible 
that the presence of electrolytes in high concentrations causes the configura- 
tion of the colloids to be optimal for binding hydrophobic substances. A 
number of investigators reported an increase in K,, by as much as a factor of 
2.5 when the ionic strength was varied from 10“ to 0.5 M.!2:!5 The K,,.. values 
we report here are within such a factor of values found in the literature. 


Estimated PAH Fluxes from Boston Harbor Sediments 


*2Rn profiles from the DIF and SI cores indicate bioflushing of the upper 
sediment layers (Figure 6.8). In the absence of any fluxes, the observed and 
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Figure 6.5. Total (open symbols) and macromolecular (filled symbols) pore-water organic 
carbon from Boston Harbor sites and Upper Mystic Lake. 
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Figure 6.6. Binding of pyrene by Fort Point Channel pore-water colloids (open circles). 
Ultrafiltered pore water (filled circles) exhibits little propensity to bind pyrene. 
F,/F is the ratio of unquenched to quenched fluorescence intensity. 


supported profiles should be identical. There was a marked depletion of 7”Rn 
in the upper few centimeters far in excess of expectations from diffusion alone. 
The SI core shows ??Rn depletion all the way to the bottom of the interval 
sampled. Obviously intense flushing was occurring to greater depths at that 
site. These observations support the idea that the depletion of organic macro- 
molecules near the sediment-water interface at these sites is at least partially 
due to bioirrigation. We also noted that the irrigation of pore waters by 
benthic organisms is a significant process in areas (e.g., DIF) where sediments 
appear anoxic. 


1.2 
Al 
ee 
in 
1.0 
0.9 
0 1 2 
OC (mg/L) 


Figure 6.7. Binding of phenanthrene by Fort Point Channel pore-water colloids. 
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Figure 6.8. Supported (dashed lines) and observed (open symbols) *”’radon profiles from 
Deer Island Flats and Spectacle Island. 


The 222Rn data can be used to quantify bioirrigation. The total flux term, J,, 
is comprised of diffusion and irrigation components and can be approximated 


using the following equation: 


AC. AC. 
Ji = -$Der ao ce oD, AZ 7 oZ[a(Chy on Ca) ts Os Cos + C,)] (6.4) 


where @ = sediment porosity 
D.;; = substance’s sediment diffusivity 
D,. = colloid’s sediment diffusivity 
a, = solute nonlocal exchange term"! 
a. = colloid nonlocal exchange term" 
Z = depth of the irrigation zone 
C,. = colloid concentration 


Cyy = average concentration of the substance in the pore fluid 
C,, = average concentration of the substance in the overlying 
water 


Sediment diffusivity for a compound can be estimated from its free liquid 
diffusivity (D)): 
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Table 6.3. Estimates of Benzo(a)pyrene and Pyrene Releases from Boston Harbor 


Sediments 
Parameter BaP Pyrene Colloid 
POraM@vel 2 yoy ee ee 8 eee eee 
Der(cm2/day) 0.2 0.2 0.1 
ow (day-") 0.3 0.3 0.1 
Cyediment(#9/Goc) 6.0 10.0 — 
Co (uglcc) , 1.2« 107° 1.25107 5.0 
C,(ug/cc) 0 Oe 0.5 
Kog, colloid (CC/Q) 21x 10°" 1.0x 10° = 
Koc, sediment (CC/Q) 5.0 x 108° 8.0x 10*° aes 
Jwoe (ug/cm?/yr) 1.8x 1074 1.9x 10-2 — 
Jt (ug/em?/yr) 7.7%107 2.1% 107-7 — 


Notes: Average porosity of the sediments was determined to be 0.6. Jwo, denotes estimated 
fluxes in the absence of colloids, and J, is the total flux with colloids. 

@See Landrum et al.°° 

>Measured using fluorescence quenching. 

°See Reinbold et al.%° 


eA 


Dess aa 62 


(6.5) 
where @ is the tortuosity of the sediment.*4 Since it is difficult to determine 
tortuosity based upon the geometry of the sediments, it can be estimated 
indirectly if the sediment’s porosity is known: 


= o(6*) (6.6) 


where the coefficient n was empirically determined to be 2 for a variety of 
coastal marine sediments.** 

To establish the magnitude of nonlocal exchange parameters, this model can 
be used on 7??Rn data, adjusting the solute’s a as necessary. For the Deer Island 
site, Qp, was determined to be 0.6/day. Assuming that irrigational transport 
across burrow walls is by molecular diffusion, and that the mechanisms of 
222Rn transport and of other substances across burrow walls are similar, the 
nonlocal exchange term for other substances can be estimated from ag, using 
the following relationship: 


a = — ap, (6.7) 


where Dg, is the liquid diffusion coefficient of radon. 

Estimated releases of benzo(a)pyrene (BAP) and pyrene from Boston Har- 
bor sediments at Deer Island Flats were calculated using Equation 6.4 (Table 
6.3). The porosity is an average value measured for these sediments, while the 
diffusion coefficients for pyrene and BAP were estimated using the Wilke- 
Chang equation.** The equilibrium binding constants, as well as the sediment 
organic carbon normalized partition coefficients for both solutes, were mea- 
sured or taken from the literature.**38 We were able to extract all the other 
requisite model parameters from measured values and the 2?*Rn data. 
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Estimated total fluxes (diffusion and bioirrigation) for these two com- 
pounds with and without the influences of colloids are reported in the last two 
rows of Table 6.3. Because of the uncertainties involved in estimating the 
colloid and PAH nonlocal exchange parameters (both components being much 
larger than radon), the reported fluxes are maximum predictions. Sediment 
bed releases in the absence of colloids are relatively small for the highly 
particle-reactive benzo(a)pyrene as compared to the more water-soluble 
pyrene. The presence of organic colloids increases the flux of BAP by approxi- 
mately a factor of four, but is less significant for pyrene. Thus, it appears that 
the mobility of highly particle-reactive HOCs may be substantially enhanced 
by colloids. 


SUMMARY AND CONCLUSIONS 


Sediment-bed-to-overlying-water releases of recalcitrant organic contami- 
nants may be facilitated by the presence of organic colloids and bioirrigation 
processes. We have observed the presence of macromolecular organic matter 
in marine and freshwater pore waters. These colloids appear to undergo altera- 
tions in their configuration in response to ionic strength changes. Molecular 
weights measured by high-pressure size-exclusion chromatography suggest 
that our colloids were between 2000 daltons (based upon the shape of random 
coil macromolecules) and 10,000 daltons (based upon globular protein config- 
urations). These colloids bind hydrophobic organic compounds very exten- 
sively (as determined by fluorescence quenching), and when coupled with 
bioirrigation processes, are able to enhance sediment-bed-to—water fluxes of 
particle reactive pollutants. 
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CHAPTER 7 


Adsorption of Surfactants 


Bruce J. Brownawell, Hua Chen, Wanjia Zhang, and John C. Westall 


INTRODUCTION 


Surfactants are used in increasingly large quantities in a number of con- 
sumer and industrial products.! Total 1988 U.S. production of surfactants was 
7.3 billion pounds. Anionic (62% of total U.S. surfactant production), neutral 
(27%), and cationic (10%) surfactants are all important classes of organic 
chemicals; production of nonionic and cationic surfactants is growing faster 
than that of anionic surfactants.! Adsorption of surfactants to surfaces of 
suspended particles affects their removal in waste treatment plants,”? 
bioavailability and toxicity,?*> rates of biodegradation,’ and distribution and 
fate in receiving waters, particularly those with high suspended solids concen- 
trations. There are also several indirect effects that surfactants, through 
adsorption on surfaces, can have on the distribution and fate of other pollu- 
tants that tend to adsorb.** 

Despite the fundamental importance of adsorption processes, there have 
been relatively few systematic studies of surfactant adsorption on environmen- 
tal sorbents.*!° The adsorption of ionic and nonionic surfactants to other 
materials, such as minerals and textiles, has been studied much more thor- 
oughly,!-3 although the majority of studies have been conducted at high 
concentrations (greater than 10 »M) in order to achieve high surface coverages. 
In general, the sorption of surfactants onto natural materials has been studied 
much less than the sorption of nonpolar compounds. For nonpolar organic 
compounds, '*'* the results of numerous laboratory and field studies have led 
to the development of mechanistic and predictive models for distributions. 
Such models have not been developed for amphiphilic organic compounds in 
natural waters. We do not know the relative importance of hydrophobic, 
electrostatic, and specific chemical interactions that control adsorption, nor 
do we have sufficient empirical information that would allow predictions of 
surfactant adsorption under various environmental conditions. This informa- 
tion is particularly lacking at low (submicromolar), environmentally signifi- 
cant concentrations of surfactants. 
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We summarize here results from a number of batch adsorption studies that 
were conducted to characterize surfactant adsorption.'~*° We examine the 
effects of surfactant structure, solution composition ({[H*+], [Na*], and 
[Ca?+]), and sorbent properties on the distributions of cationic, neutral, and 
anionic surfactants. The results presented here have been chosen to illustrate 
the relative importance of these variables on the extent of adsorption and shed 
some light on the mechanisms involved. 


METHODS 
Materials 


The '4C-labeled cationic, anionic, and neutral surfactants used in this study 
are shown in Table 7.1. The only cationic surfactant used was N-[1-'“C]- 
dodecylpyridinium (DP). The anionic surfactants were uniformly ring-labeled 
homologues of 4-alkylbenzenesulfonates containing 10, 12, and 14 carbons in 
the alkyl chain, referred to as C-10, C-12, and C-14 LAS. The neutral surfac- 
tants were homologues of monoalkyl ethers of poly(ethylene glycol), also 
known as alcohol ethoxylates, referred to as AEs. The hydrophobic chain of 
each of the AEs contained 13 carbons (1-'*C) and the hydrophilic chain con- 
tained 3, 6, or 9 oxyethylene (-CH,CH,O-) units; these compounds are referred 
to as AE,, AE,, and AE,. Thus, the AE homologues differed in hydrophilic 
chain length, while the LAS homologues differed in hydrophobic chain length. 
The DP is a permanently charged cation. The LAS compounds are moderately 
strong acids that are anionic at all environmentally relevant pH values, and the 
AEs are neutral. The '*C-labeled compounds were used to enable the determi- 
nation of surfactant distribution at environmentally relevant submicromolar 
concentrations. 

The labeled DP was synthesized by Pathfinder Laboratories, Inc. (St. Louis, 
MO); LAS compounds were obtained through the Soap and Detergent Associ- 
ation from Proctor and Gamble; and AE compounds were obtained through 
the Soap and Detergent Association from Shell Research. The specific activi- 
ties of DP, C-10, C-12, C-14 LAS, AE,, AE,, and AE, were 10.6, 1.46, 13.4, 
12.9, 6.9, 21.3, and 6.6 Ci/mol, respectively. The purity of the DP and LAS 
compounds was greater than 99% as determined by HPLC; the purity of the 
AE compounds was 95-98% as determined by TLC and HPLC. Thus, the 
purity of the compounds used in this study is very high compared to the 
mixtures of homologues that are generally used in commercial formulations. 
Primary standards were prepared in methanol, and spiking standards in 95% 
ethanol; they were stored at ~0°C. 

The sorbents were five sediments and soils from the “EPA collection” (EPA- 
1, -12, -13, -16, and -25), which were provided by John J. Hassett of the 
University of Illinois. The properties of the sorbents are listed in Table 7.2. 
The sorbents exhibit a wide range of characteristics that can influence surfac- 


129 


ADSORPTION OF SURFACTANTS 


‘jow/6 ‘ssew Je|OW, 
“QAOGE BINJONAJS Ul U JO BNIEAq 
"APN}S SIY} Ul POSN UONIASIGGY, 


ee ee TS —— OO 











€-08-00€Z Or Qry'ED 96S 6 (joof|6 aua|Ayya)euoU jo Jayje |Ao@pi4jOUOW 6ay 
9-60-0€6 40%5H"°9 v9r 9 (jook|6 auajAyje)exey jo Jaye |AoapjOUOW 95y 
L-2l-€0bv rE LHStD zee c (jooA|6 aua|Ayya)uy yo Jauje |Ao@pljOUOWW fay 
. 2ye|AxOUjo |OYOIIe,, JvVeo 
Stortyo%5 ese LL eyeuojjnsouezueq(|AdepuyjAyjow-|)-~ SWI 7l-O 
S-0S-Z9Z81 s®o&H8'D Sze 6 ayeuojjnseuezueq(|Adepun|Ayjew-})-y ~SW1Zb-O 
sfo%*H"'D 162 Z ayeuoyjnsauezueq(|AuoujAyjew-|)-y SV OL-O 
_eyeuojins susuezueqjAy/e Je98Uull,, Sv1‘qa 
L-vl-91vS1 N°H4'9 8rz OL winiuipiuAd|Aoepop da 
winiuIpuAdAxIy “WV 
JequnN uolnisodwog oN qu awen eal 
Aysibay SVO jeyuawe|3 
®HO"(7HO)HO®HO 
HO“(@HO°HOO)*'(®HO)EHO x 
OS 

AV 2 sv1 4 winiuipuAd|Ayiy “VW 





Apnis siyL ul pasp squeyoepns *1°Z e1qeL 


130 ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


Table 7.2. Properties of Sorbents 


Organic Surface 

Carbon Sand Silt Clay CEC pH? pH? Area® 
Sediment (%) (%)  (%)  (%)  (mmol/g) (1:1) (1:20) ~~ (m/g) 
EPA-16 1.20 0.5 60.5 39.0 0.110 6.50 6.76 18 
EPA-13 3.04 20.3 21a = O26 0.119 6.90 7.08 13 
EPA-12 2.33 0 64.6 35.4 0.135 7.63 7.52 12 
EPA-25 0.76 41.9 SWMey 740 )/He} 0.089 7.65 Waal 8 
EPA-1 0.22 93.9 0 6.1 0.011 7.30 — 0.8 





Source: Hassett et al.?' 

aSolution was 0.01 M NaCl, 1 g sediment to 1 mL solution. 

Solution was 0.01 M NaNs, 1 g sediment to 20 mL solution. 

“Determined courtesy of Jeff Fahey, Teledyne Wah-Chang, Albany, Oregon. 


tant adsorption, including fraction organic carbon (f,.), surface area, particle 
size distribution and mineralogy, and cation exchange capacity (CEC).”! 


Determination of Distribution Ratios in Batch Experiments 


The adsorption of surfactants on suspended sediments and soils was studied 
by equilibrating solutions in batch at 25°C. The methods that were used to 
determine the distribution of surfactants between adsorbed and aqueous 
phases were essentially the same for each class of compound and are summa- 
rized below; the procedures are described in detail elsewhere.!”-”° 

The equipment used for equilibrations and phase separations in the adsorp- 
tion experiments included a New Brunswick Model G-24 thermostatted shaker 
and a Beckman Model J2-21 thermostatted centrifuge. The radioactivity of 
the surfactants was determined with a Beckman Model LS 7800 scintillation 
counter. Labeled compounds adsorbed to sediment or soil were converted to 
CO, by combustion with a Harvey Model 300 Oxidizer. The solution pH was 
determined with an Orion Model 8102 combination glass electrode. Concen- 
trations of major ions were determined by inductively coupled plasma emis- 
sion spectrometry. 

Before sorbents were equilibrated with solutions of surfactants, they were 
washed eight times to reduce the amounts of suspended particles that are not 
removed from the water phase by centrifugation. Association of organic com- 
pounds with nonseparable or colloidal materials can affect the observed distri- 
butions in batch experiments.”” Washing of the sorbents also decreased the 
amounts of major ions which desorbed or dissolved during the equilibration 
step,'? and decreased the concentrations of dissolved organic carbon and UV 
absorbance in the supernatant solution. 

The sorbents were washed by adding 0.05-1.0 g of air-dried sorbent to 35- 
mL Corex centrifuge tubes, adding 20 mL of distilled and deionized (Milli-Q) 
water, shaking for 1 hr at 500 rpm and 25°C on the shaker, and centrifuging 
for 10 min at 11,000 g and 25°C. The supernatant was removed by aspiration 
with a pipet, and the procedure repeated seven more times. After the last wash 
the contents of the tube were freeze-dried and reweighed. Generally, 2% or less 
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of the sediment mass was removed by the washing procedure. In selected 
experiments, we determined that there were no discernible effects of the freeze- 
drying procedure.!? 

The freeze-dried sorbents were then resuspended by adding 20 mL of elec- 
trolyte solution to the centrifuge tube. The ratio of mass of solids to volume of 
liquid, C,(w), for all of these experiments was in the range 0.015-0.050 g/mL. 
In studies in which effects of C,(w) were examined,'*° only slight effects of 
C,(w) on adsorption were observed, and they could be attributed either to 
isotherm nonlinearity or to variations in [Ca?*+] which was released from the 
solids during equilibration. Unless otherwise specified, the electrolyte solution 
was 0.01 M NaN. The equilibrations were conducted in the presence of azide 
to inhibit microbial degradation of labeled compounds, which was evident in 
several LAS and AE experiments that were run with NaCl or deionized 
water.'®!9 The type of anion, whether chloride or azide, did not have a signifi- 
cant effect on adsorption of LAS or DP.!””” 

The resuspended sorbents were shaken for 1 hr, the suspensions were centri- 
fuged, and surfactants were added as 10-200 uL spikes in 95% ethanol. The 
purpose of this procedure was to minimize the contact between sorbents and 
localized high concentrations of surfactants. Isotherms were developed by 
adding different amounts of surfactant to different tubes having the same 
solids-to-liquid ratio. The tubes were sealed with PTFE-lined caps, and the 
contents shaken at 500 rpm for 4-12 hr. Adsorption kinetic experiments 
showed that the approach to equilibrium was virtually complete for DP and 
LAS in 4 hr;!”'9 adsorption kinetics for the AE homologues were slower, and 
suspensions were equilibrated on the shaker for 12 hr.'8 After shaking, the 
suspensions were centrifuged for 1 hr at 11,000 g to separate particles from the 
aqueous phase. 

After centrifugation the concentrations of labeled surfactants were deter- 
mined in three fractions: the water, the sorbent, and the tube walls. From these 
data were calculated the recovery of the label added to the tube and the 
concentration distribution ratio, D,: 


D, = C,(s)/C(w) (L/kg) (7.1) 


where C((s) (mol/kg) and C,(w) (mol/L) are the total concentrations of surfac- 
tant in the sorbent and water phases, respectively. 

Activities of the labeled compound associated with each phase were deter- 
mined by similar methods. Aliquots of the aqueous phase, 0.2-1.0 mL, were 
obtained with glass pipets and added to vials containing Beckman HP/b scin- 
tillation fluid. The amount of surfactant adsorbed to sediment or soil was 
determined by removing the excess supernatant solution, freeze-drying the 
sorbent in the tube, transferring replicate subsamples of the dried sorbent 
(weighing 10-200 mg) to quartz combustion boats, oxidizing the subsamples at 
900°C in oxygen, and trapping the resulting “CO, in a mixture of 5 mL 
Packard Carbo-sorb and 5 mL of Permafluor V scintillation fluid. The walls 
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of the centrifuge tubes were brushed clean and extracted with 20 mL of 95% 
ethanol, which was sampled in a similar manner as the aqueous-phase samples. 
The activity of each sample was determined by liquid scintillation counting 
and calibrating with spikes added to each phase. The precision of the aqueous- 
and sorbent-phase determinations was estimated to be better than 2 and 5% 
relative standard deviation, respectively. The overall recoveries for each exper- 
iment were excellent, averaging 97% for all experiments. The amount of sur- 
factant found on the container walls did not exceed 10% of the total amount 
adsorbed. The fraction on the walls increased as the D, increased; the walls 
were more important for cationic than anionic surfactants and at lower 
sorbent-to-solution ratios. 

For the study of the effect of pH on surfactant adsorption, the pH was 
adjusted through additions of HCl or NaOH. The solution pH was determined 
before and after equilibration with surfactant. The effect of [Na*] on surfac- 
tant adsorption was investigated by addition of NaCl (DP and the AE homo- 
logues) or NaN, (C-12 LAS). The effect of [Ca?*+] on surfactant adsorption 
was investigated with solutions containing variable concentrations of CaCl, 
and 0.01 M NaN,. Concentrations of Ca, Na, and other major elements in 
solution that were released from the sediments and soils during equilibration 
were determined in selected experiments.!° 


RESULTS AND DISCUSSION 


Adsorption of amphiphilic compounds to natural surfaces can involve a 
combination of hydrophobic, electrostatic, and specific chemical interactions 
with the surface. We examine here the effects of (1) surfactant charge and 
structure, (2) sorbent properties, and (3) selected solution properties on the 
adsorption of surfactants to surfaces of suspended particles. 

Because of possible solute-solute or sorbate-sorbate interactions among sur- 
factant molecules, the concentration range of the study is important. At low 
surface concentrations of surfactant, surface-sorbate interactions control 
adsorption. As the surfactant accumulates at the surface, sorbate-sorbate 
interactions can become important. At high surface coverages of surfactant, 
favorable hydrophobic cooperative effects and unfavorable electrostatic 
effects may be significant. Cooperative hydrophobic effects are thought to 
account for hemimicelle formation of surfactants on a number of sur- 
faces.!!:!223 For the studies presented here, there should be little influence of 
solute-solute or sorbate-sorbate interactions because of the low solution and 
surface concentrations of surfactants. 


Adsorption Isotherms of Different Surfactants 


The adsorption isotherms for each of the seven surfactants on*“EPA-12 
sorbent are shown in Figure 7.1. This figure illustrates clearly the nonlinearity 
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Figure 7.1. Comparison of adsorption of different classes of surfactants. Adsorption 
isotherms of seven surfactants on EPA-12 sorbent in 0.01 M NaN3; C,(w) = 
0.025 g/mL for AEs and DP, 0.015 g/mL for C-12 LAS, and 0.050 g/mL for C-10 
and C-14 LAS. Freundlich isotherm parameters in Table 7.3. 


of all the isotherms and the differences in adsorption energy among the three 
classes of surfactants and the LAS and AE homologues, as discussed below. 


Nonlinearity 


The isotherms determined for EPA-12, and all other combinations of sur- 
factants and sorbents examined in the low concentration range, were reason- 
ably well described by the Freundlich equation: 


log C(s) = log K + n log C,(w) (7.2) 


where K and n are empirical constants. The values of K and n for the isotherms 
in Figure 7.1 are given in Table 7.3. A value of n = 1 corresponds to a linear 
isotherm. Despite the low concentrations of surfactants, isotherms were dis- 
tinctly nonlinear (n < 1) for all compounds, as shown in the table. At these 
low concentrations of surfactants, the estimated fractional surface coverages 
are well below those of a uniform monolayer. The estimated fractional surface 
coverages are in the range of 0.01 to 2.8%, based on surface concentrations in 
the range of 2.5 to 560 nmol/g, area occupied by a sorbed molecule of 1 nm’, 
and specific surface area of the sorbent (EPA-12) of 12 m’/g. 

In the absence of cooperative sorbate-sorbate interactions, isotherm nonlin- 
earity can be due to (1) variable electrostatic interactions as the concentration 
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Table 7.3. Values of Parameters in Freundlich Equation for Adsorption Isotherms on 
Sorbent EPA-12. From Figure 7.1 and Equation 7.2; log K reported for C(w) in 
mol/L and C(s) in mol/kg 


Surfactant log K n 
DP 0.43 0.54 


AE, 1.90 0.92 
AE, 1.22 0.79 
AE, 0.35 0.63 
C10-LAS 0.58 0.90 
C12-LAS 0.98 0.86 


C14-LAS 2.27 0.93 


of the ionic LAS or DP sorbate increases; (2) presence of an assemblage of 
heterogeneous adsorption sites and saturation of the more energetically 
favored sites; and (3) unrecognized artifacts (e.g., changes in solution concen- 
trations of major ions caused by adsorption of the target compound). After 
having considered electrostatic energy and the other factors listed above, we 
have interpreted most of the isotherm nonlinearity of the AEs and DP over 
this concentration range to be caused by filling of heterogeneous adsorption 
sites. In the case of the AEs, these are sites that interact specifically with the 
oxyethylene units, and for DP, they are cation exchange sites.!7:!8 In the case of 
the three LAS homologues, the isotherms of which are the most linear (n = 
0.83-0.93), there may be some contribution of electrostatic repulsion of 
adsorbed LAS to D, at the highest concentrations.!? Hand and Williams 
reported linear three-point isotherms for LAS on sediments over a similar 
concentration range. !° 


Adsorption Energy 


For compounds that sorb with a linear isotherm, a comparison of sorption 
energies follows directly from a comparison of values of log K. However, such 
a comparison is not strictly justifiable for the values of log K in Table 7.3 since 
the isotherms are nonlinear. Nonetheless, a reasonable estimate of compara- 
tive adsorption energies can be made by comparing D, at constant C,(s) or 
C,(w), whichever is thought to be the major source of nonlinearity. In this 
study, we attribute most of the nonlinearity to surface heterogeneity; thus, 
comparison at constant C,(s) is indicated. Irrespective of this issue, a simple 
qualitative comparison of the isotherms in Figure 7.1 reveals that energy of 
adsorption increases from anionic to neutral to cationic surfactants of approx- 
imately the same size. This observation is one indication of the importance of 
electrostatic interactions of surfactants with negatively charged natural parti- 
cle surfaces. 

For the three LAS homologues, adsorption increases as expected,24 with 
increasing alkyl chain length due to hydrophobic interactions: at very low 
concentrations, d log D,/d log N_cy; = 0.40 (Figure 7.1). This value is close to 
the value of 0.45 determined by Hand and Williams for LAS adsorption. !° 

For the three AE homologues, an increase in the number of oxyethylene 
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(-CH,CH,O-) units leads to an increase in adsorption and an increase in the 
nonlinearity of the isotherm (Figure 7.1). Presumably the ether oxygen atoms 
and the terminal hydroxy group contribute to the specific adsorption of the 
AEs. The isotherm of AE,, which is the most hydrocarbon-like of the neutral 
surfactants, is the most linear, consistent with a relatively nonspecific sorption 
behavior. The stronger adsorption of the AEs with increasing number of oxy- 
ethylene units is evident despite a concomitant increase in aqueous solubilities. 
The critical micelle concentrations (CMC) of AEs increase with increasing 
number of oxyethylene units. For example, the CMC of A,,E,, A,E,, AjE,, 
and A,,E, at 25°C are 33, 64, 82, and 100 pM, respectively.'? 

The increase in log D, with number of oxyethylene units, at constant C;,(s), is 
not linear: at C(s) = 100 nmol/g, d log D./d Nv-cucujo-) = 0-045 and 0.15 for 
the difference between AE, and AE,, and AE, and AE,, respectively. These 
values of d log D./d ny-cu,cu,0-) depend on C;((s) as well. There are few reports 
of the effect of the number of oxyethylene units on adsorption in the low 
concentration region of the isotherm. In a study of AE adsorption on carbon 
black, the value of d log D./d N-cy,cu,04, calculated for infinite dilution, was 
0.11.25 Apparently the longer hydrophilic chains allow multiple interactions to 
occur between the surfactant molecule and the surface, resulting in the 
increase of d log D./d Ny-cy,cx,0) With length of the hydrophilic chain. With our 
data, we cannot yet determine the nature of these interactions. 


Adsorption of Surfactants on Different Sorbents 


The adsorption isotherms of DP, C-12 LAS, and AE, on the different 
sorbents are presented in Figures 7.2-7.4. For each compound, the extent of 
adsorption varied from sorbent to sorbent; of interest is the effect of sorbent 
properties, particularly f,, and CEC, on extent of adsorption. Adsorption 
isotherms were described well by Equation 7.2 for all surfactant-sorbent com- 
binations; the parameters of the Freundlich equation are found in Table 7.4 
for the data in Figures 7.2-7.4. 


Dodecylpyridinium 


The slopes of the Freundlich isotherms (Figure 7.2 and Table 7.4) for DP 
were similar for all five sorbents; the low values of n (0.56-0.62) correspond to 
a large degree of isotherm nonlinearity. The adsorption of DP on the five 
sorbents increases in the order: EPA-1 < EPA-12 < EPA-25 = EPA-16 < 
EPA-13 and follows the relative increase of the cation exchange capacity 
(CEC) of the sorbent, with the notable exception of EPA-12 soil, which exhib- 
ited lower adsorption despite having the largest CEC. There are no other 
properties that we have measured (Table 7.2), such as surface area or f,., that 
suggest why the behavior of EPA-12 is somewhat anomalous. Qualitative clay 
mineral analysis by X-ray diffraction indicates that swelling clays (smectites) 
are present in high amounts in EPA-16 and EPA-25 sorbents, but in lower 
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Figure 7.2. Adsorption isotherms for DP on five sorbents in 0.01 M NaNz; C,(w) = 0.025 
g/mL for each sorbent. Freundlich isotherm parameters in Table 7.4. 
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Figure 7.3. Adsorption isotherms for C-12 LAS on four sorbents in 0.01 M NaN; C,(w) = 
0.025 g/mL for each sorbent. Freundlich isotherm parameters in Table 7.4. 
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Table 7.4. Values of Parameters in Freundlich Equation for Adsorption of DP, C12-LAS, 
and AE, on Different Sorbents. From Figures 7.2-7.4 and Equation 7.2; log K 
Reported for C(w) in mol/L and C(s) in mol/kg. (Values of log K and n were 
Calculated from Data in Figures; Values Reported Here for DP, C-12 LAS, and 
AE, on EPA-12 Differ Slightly from Values in Table 7.3 Due to Different Subsets 
of Data in Figure 7.1 and Figure 7.2—7.4.) 


Surfactant Sorbent log K n 
DP EPA-1 0.42 0.63 


DP EPA-12 1.03 0.62 
DP EPA13 » . 1.08 0.56 
DP EPA-16 1.59 0.65 
DP EPA-25 1.49 0.63 
C12-LAS EPA-12 0.85 0.83 
C12-LAS EPA-13 1.84 0.92 
C12-LAS EPA-16 0.46 0.80 
C12-LAS EPA-25 0.68 0.85 
AE, EPA-12 1.79 0.88 
AE, EPA-13 ire 0.74 
AEs EPA-16 1.78 0.78 
AE, EPA-25 1.60 0.75 


amounts in EPA-12. Cationic and nonionic surfactants are known to interca- 
late in smectites, while anionic surfactants do not.?*?8 

The adsorption capacity (the amount adsorbed at plateau adsorption) of DP 
was found to correspond closely to the cation exchange capacity of the sorbent 
in a study with aquifer materials, clay minerals, and with EPA-12 soil.!” Stud- 
ies on the adsorption of methylacridinium and paraquat with soils and sedi- 
ment have also determined that both adsorption capacity and intensity can be 
estimated from the CEC of the sorbent.??*° Given these observations and the 
effects of pH and salt concentration (which are presented below), it appears 
that cation exchange is a dominant mechanism for adsorption of organic 
cations.!’ The isotherm nonlinearity cannot be accounted for by variable elec- 
trostatic interactions nor by the filling of a single type of cation exchange site. 
The application of a multisite model in which cation exchange and adsorption 
of ion pairs are important reactions has been reported elsewhere.!” 


Linear Alkylbenzenesulfonate 


The isotherms of C-12 LAS shown in Figure 7.3 and Table 7.4 were all 
determined with C,(w) = 0.025 g/mL. There was very weak adsorption of 
LAS on EPA-1, and the data are not included in Figure 7.2. In all cases, the 
isotherms were slightly nonlinear and the slopes of the Freundlich isotherms 
were very similar; the nonlinearity actually increases with concentration. The 
intensity of adsorption of C-12 LAS increased with increasing fraction organic 
carbon, f,,, of the sorbent, suggesting relatively nonspecific sorption of this 
compound. The values of D, increase in the order: EPA-1 < EPA-25 = EPA- 
16 < EPA-12 < EPA-13, which is the same order of the fraction organic 
carbon of the sorbents. There is a roughly proportional increase in adsorption 
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Figure 7.4. Adsorption isotherms for AE, on four sorbents in 0.01 M NaN3; C,(w) = 
0.025-0.029 g/mL for each sorbent. Freundlich isotherm parameters in Table 
7.4. 


intensity with f,., as is observed with nonpolar organic compounds.'*?! Values 
of K,, were derived by fitting the sorption data to a linear sorption model and 
dividing the resulting K by f,, of the sorbent.'? Estimates of K,, ranged between 
4400 L/kg,. for EPA-12 and 8600 L/kg,, for EPA-13; the average value was 
6400 L/kg,, for the five sorbents. No relationships between sorption and the 
other properties of sorbents were apparent. Other authors have observed a 
correlation between the sorption of alkylbenzenesulfonates and f,, of soils and 
sediments.?!° In a comparable study,'® the values of K,, for C-12 LAS were 
7000-9000 L/kg,, for two sediments, but much higher than this range for two 
additional sediments. Other studies with soils have shown a correlation 
between adsorption of alkylbenzenesulfonate (and other ions such as sulfate 
and phosphate) and the sesquioxide (extractable Al and Fe) content.?233 We 
have no information on the sesquioxide content of our sorbents. The nonlin- 
earity of the LAS isotherms, while slight, may be due to specific interactions 
and saturation of energetic sesquioxide surface sites. The extent of nonlinear- 
ity at higher concentration cannot be explained completely by variable electro- 
static energy, although such interactions could be contributing.'° 


Alcohol Ethoxylates 


The effect of sediment properties on adsorption of AE, (Figure-7.4) is 
similar to that for DP, except that the adsorption onto EPA-12 soil is even 
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more reduced relative to that of the other sorbents. Our results are consistent 
with those of Podoll et al., who found that adsorption of polyethylene glycols 
to sediment was related to the fraction of swelling clays (montmorillonite + 
vermiculite) of the sorbent, but not to organic carbon content.*4 Certainly the 
properties of the sorbent that affect AE are complicated and deserve further 
attention. 


Effect of Solution Properties on Adsorption 


The effects of solution concentrations of H+, Na+, and Ca?+ on adsorption 
of each of the classes of surfactant are shown in Figures 7.5-7.7. The data are 
from the low concentration range of the isotherm and are all for the common 
sorbent EPA-12. Experiments were conducted with a constant amount of sur- 
factant in the system and varying pH or concentration of Na* or Ca?+. 

The observed effect of solution property on D, can be complicated by non- 
linearity of the isotherm and the total surfactant concentration (i.e., concen- 
trations above and below those at which solute-solute or sorbate-sorbate inter- 
actions become significant).!’ However, in these studies, neither of these 
problems significantly affects our interpretation of the results; the sorbate 
concentration was low and did not vary by more than a factor of two. 


Dodecylpyridinium 


In contrast to the anionic surfactants, solution pH had negligible effect on 
the adsorption of cationic DP (Figure 7.5a)—an observation not inconsistent 
with electrically neutral cation exchange reactions. The same result was 
obtained in another study for Lula aquifer material.!’ 

The effects of [Na+] (Figure 7.6) and especially [Ca*+] (Figure 7.7) on 
adsorption were large: d log D./d log [M] ranged from approximately -0.3 to 
-0.6 for a range of sorbent materials including EPA-12, for which the data are 
shown.'” The effect of metal concentration on adsorption of amphiphilic 
organic cations has been explained by electrically neutral cation exchange and 
ion-pair reactions.!” 


Linear Alkylbenzenesulfonates 


The adsorption of each of the LAS homologues increased with increasing 
[H+] (Figure 7.5b), [Na*] (Figure 7.6), and [Ca?*] (Figure 7.7). The measured 
effect of pH for all three LAS homologues was d log D,/d log [H*] = 0.17. 
The effect of pH may be due to the influence of H* as a surface potential 
determining ion or to specific pH-dependent surface complexation or ligand 
exchange reactions (e.g., ligand exchange with -OH of =FeOH or =AIOH 
groups). Competitive adsorption by SO,? and HPO,? on LAS has been 
observed?23 and supports the importance of specific surface interactions. 

An increase in Nat concentration results in a relatively large increase in LAS 
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Figure 7.5. Effect of pH on adsorption (a) of cationic and nonionic surfactants by EPA-12 
sorbent in 0.01 M NaN; C,(w) = 0.025 g/mL; (b) of LAS homologues by EPA-12 
sorbent in 0.01 M NaN,; C,(w) = 0.05 g/mL. 
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Figure 7.6. Effect of [Na*] on adsorption of surfactants by EPA-12 sorbent in 0.01 M NaN3. 
[Na*] was varied by addition of NaCl (DP) or NaN (LAS and AE); C,(w) = 0.005, 
0.025, and 0.050 g/mL for DP, AEs, and LAS, respectively. Data for C-12 LAS 
represent replicate determinations. 


adsorption: d log D,/d log [Nat] = 0.23 (Figure 7.6). The magnitude of this 
effect is consistent with the attenuation of the electrostatic repulsion between 
LAS and the surface by the presence of nonspecifically adsorbed Na* in the 
diffuse part of the electric double layer. 

The effect of low concentrations of Ca*+ (0.1-1.0 mM) in the presence of 
higher concentrations of Na+ (10 mM) were appreciable (d log D,/d log [Ca’*] 
= 0.23) (Figure 7.7) and comparable to the effects of Na* itself. The effect of 
calcium on LAS adsorption cannot be explained simply by the attenuation of 
electrostatic repulsion by nonspecifically adsorbed Ca?* in the diffuse part of 
the electric double layer; such electrostatic repulsion would be masked by the 
relatively high concentrations of [Na*]. A specific surface complex of LAS 
with surface adsorbed Ca?* is suggested by these results. The effect of Ca’* is 
consistent with the observed increase in LAS adsorption in naturally hard 
waters compared to that in 0.01 M KCI.'° 


Alcohol Ethoxylates 


For the nonionic surfactants, there were minor, yet significant, effects over 
the range of properties measured. There was no discernible effect of pH (Fig- 
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Figure 7.7. Effect of [Ca*+] on adsorption of surfactants by EPA-12 sorbent in the presence 
of 0.01 M NaN,; C,(w) = 0.005 g/mL for DP and 0.010 g/mL for LAS and AEs. 


ure 7.5a) on the adsorption of AE,. For homologues with a greater number of 
oxyethylene units, there was a greater effect of pH (d log D./d log [H*] = 0.07 
for AE,). Larger effects of pH have been observed for alkylphenol “ethoxy- 
late” (APE) adsorption on surfaces with pH-dependent surface charge, such as 
those of quartz, silica, and carboxycellulose.**-*° The interactions have been 
attributed to the ether oxygen behaving as a weak H-bond acceptor or to 
chemisorption of the terminal hydroxyl group.*-*° 

Sodium ion concentration has a small but measurable effect on adsorption 
of AE, and AE, (Figure 7.6); however, the direction of the effect was reversed 
for the two homologues. In the case of AE;, adsorption increased approxi- 
mately twofold when [Na*] was increased from 10 to 300 mM. The magnitude 
of the increase in D, is consistent with salting out of this more hydrocarbon- 
like homologue. However, the functional relation between log D, and [Nat] 
does not correspond very well to that predicted by the Setchenow equation,” 
which describes the effect of electrolyte concentration on the solubility of 
hydrophobic solutes. 

The D, of AE, decreased with increasing NaN, from 1850 to 1280 L/kg. This 
decrease in adsorption must be due to a decreased interaction of the oli- 
go(ethylene glycol) chain with the surface, although the mechanism of this 
effect is unknown. Savintseva and coworkers have reported that APE adsorp- 
tion on silica is reduced by addition of NaCl; the effect was even greater for 
sodium phosphate.***? 
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Calcium has virtually no effect on adsorption in the presence of 10 mM 
NaN, (Figure 7.7). This result suggests that the energy of the Ca?+ interaction 
is not high relative to that of the Na* interaction, and the effect of Ca?* is 
masked by the high concentration of Na*. 


SUMMARY OF SURFACTANT ADSORPTION 


Many properties of surfactant, solution, and sorbent were observed to 
affect adsorption. The effects of sorbent and solution properties that control 
adsorption are quite different for different classes of surfactants, as are the 
important mechanisms. 

DP adsorption was affected strongly by the concentrations of co-ions such 
as Nat and Ca*+, but was independent of solution pH. These results, and 
those reported for other large hydrophobic organic cations, indicate the 
importance of cation exchange reactions. Organic cations exhibit very nonlin- 
ear adsorption isotherms with natural soil and sediment sorbents. We interpret 
this behavior to be the result of the heterogeneity of the surface. The adsorp- 
tion intensity and capacity of organic cations both generally follow the CEC of 
the sorbent, although this was not the case for the EPA-12 soil, where the 
adsorption energy was lower. 

LAS adsorption was affected by hydrophobic, electrostatic, and specific 
chemical interactions, although it is extremely difficult to separate specific and 
electrostatic effects. The importance of nonspecific hydrophobic interactions 
is evident from the regular effect of alkyl chain length, the correspondence of 
the adsorption intensity with the organic carbon content of the sorbent, and 
the small amount of isotherm nonlinearity as compared to the other surfactant 
classes studied. While it is difficult to separate the magnitudes of hydrophobic 
and electrostatic/specific chemical contributions to the total adsorption 
energy, the contributions appear to be additive; that is, solution properties 
(e.g., pH, [Na*], [Ca?+]) that influence electrostatic or specific chemical inter- 
actions have the same regular effect for the different alkyl homologues. 

The concentrations of Ca?+, Nat, and Ht? all have significant effects on 
adsorption of LAS. The effect of a decade increase in these properties acts to 
increase log D, by 0.23, 0.23, and 0.17 units, respectively. The effect of sodium 
is probably due to an attenuation of long-range electrostatic interactions. The 
effect of calcium is more specific and is likely due to complexation with LAS 
that occurs on the surface or in solution. The influence of pH on adsorption is 
also important. It is not known whether its effect is due to the dependence of 
surface potential (electrostatic energy) or specific ligand exchange reactions on 
pH. The nonlinearity of the isotherms exhibited at low concentration and the 
correlation of adsorption with sesquioxide content of soils reported in the 
literature?233 indicate that some specific chemical interactions can be 
important. 

AE adsorption depended primarily on the nature of the sorbent and on the 
number of oxyethylene units; the solution properties examined had relatively 
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little effect. The oxyethylene units were specifically adsorbed. The adsorption 
energy and the degree of nonlinearity both increased with increasing number 
of oxyethylene units. The nonlinearity is interpreted as an indication of spe- 
cific interactions of the oxyethylene group with a limited number of surface 
functional groups. Adsorption was not well correlated with any measured 
property of the sorbents. The possible influence of swelling clays has been 
recognized previously and should be examined in greater detail.* 

The results of our work indicate that the adsorption of surfactants on natu- 
ral materials can be important in environments with high solids concentra- 
tions. Adsorption was greatest for the cationic surfactant; the D, for DP (at 10 
nM in solution) was greater than 10* L/kg for all of the sorbents, with the 
exception of the sandy EPA-1 sorbent. Association with suspended particles 
can be expected to affect the speciation of cationic surfactants that are the size 
of DP or greater in all but the most oligotrophic surface waters or surface 
waters of high salinity. Given the range of distribution ratios determined in this 
study, nonionic AEs and anionic LAS homologues will be significantly 
adsorbed only in highly eutrophic surface waters, and in waste treatment 
facilities in which wastewaters have large amounts of suspended solids. The 
extent of adsorption in a given environment will depend on the hydrophobicity 
and structural properties of the surfactant. Finally, adsorption onto particle 
surfaces will affect the fate and transport of all surfactants that accumulate in 
porous media environments, such as soils, aquifer environments, and surface 
sediments. 


Predictive Models 


In this study we have examined the sensitivity of surfactant adsorption to 
various parameters, and we have proposed some mechanisms to explain some 
of the observations. Studies of this sort are a first step toward the goal of 
understanding the processes well enough to develop predictive models for 
surfactant adsorption to environmental surfaces. Toward this goal we offer 
the following two observations. 

This synthesis of surfactant adsorption studies has shown that, under simi- 
lar conditions, different classes of surfactants behave quite differently. Thus, 
it is better to try to understand the behavior of surfactants one class at a time, 
rather than to attempt a priori to solve the problem for surfactants in general. 

These studies with environmental sorbents have illustrated parameters to 
which adsorption is sensitive. Since the sorbent materials with which we 
worked were so heterogeneous, it is very difficult to reach definitive conclu- 
sions about mechanisms. The next step is to use carefully selected homogene- 
ous sorbents (e.g., oxides, clays, carbonates, organic polymers) in experiments 
at low surface coverage, to examine the working hypotheses for adsorption 
mechanisms that we have proposed and to develop more quantitative models. 
Then the results from studies of the two types of sorbents must be thoughtfully 
integrated. 
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CONCLUSIONS 


Conclusions concerning the adsorption of surfactants by suspended parti- 
cles that can be derived from these and other studies include the following: 


1. Adsorption of cationic surfactants onto negatively charged surfaces of soils 
and sediments is favored over nonionic and anionic compounds of similar 
size. 

2. Alkyl homologue effects on the adsorption energy are regular and reasonably 
well predicted. 

3. Isotherms are nonlinear, even at very low, environmentally relevant concen- 
trations; this fact complicates the comparison of adsorption energies. 

4. Results presented here suggest that the slopes of the Freundlich equations are 
similar for the same surfactants on different sorbents. This observation may 
facilitate the application of empirical or mechanistically based adsorption 
models. 

5. Solution pH has a significant effect on adsorption of anionic surfactants, but 
not for cationic or nonionic classes. 

6. Nat and Ca’+ concentrations are important determinants of LAS 
adsorption. 

7. The adsorption of AEs increases with the number of oxyethylene units. 

8. Adsorption of amphiphilic organic cations such as DP is largely controlled by 
cation exchange reactions. 
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CHAPTER 8 


Partitioning and Sorption Kinetics 
of a PCB in Aqueous Suspensions of 
Model Particles: Solids Concentration Effect 


Patricia L. Van Hoof and Anders W. Andren 


INTRODUCTION 


A particle concentration effect on the sorption of a variety of hydrophobic 
solutes (organic and inorganic) in aqueous suspensions of natural particles has 
been noted by several investigators.!? This decrease in the amount adsorbed 
with increasing particle concentration is most pronounced for compounds 
characterized by large partitioning (K, > 10° mL/g) and is not predicted by 
thermodynamic first principles. If partitioning is a function of particle con- 
centrations, then there are many practical ramifications concerning the mea- 
surement and modeling of hydrophobic organic compounds (HOCs). For 
example, laboratory measurements of HOC partitioning made at large particle 
concentrations (107-104 mg/L) cannot be linearly extrapolated to the low parti- 
cle concentrations typical of suspended particulate matter (10'-10' mg/L). 
Also, in environmental models, different partition coefficient values, K,—the 
equilibrium ratio of solute concentration in the solid phase (g/g) to that in the 
aqueous phase (g/mL) — would be required for suspended versus bottom sedi- 
ments, even for different times of the year if resuspension and storm inputs are 
significant. It is therefore essential that the mechanism(s) for this particle 
concentration dependency be understood and incorporated into environmental 
fate models. 

Several theories and models have been proposed to explain this sorption 
phenomenon. One explanation involves a third phase consisting of colloidal 
matter (macromolecules and microparticles, 0.001-1 wm in linear dimensions) 
which cannot be separated from the aqueous phase by filtration or centrifuga- 
tion. Thus, the “dissolved” phase contains truly dissolved and sorbed compo- 
nents, resulting in a reduced K,.** The concentration of these colloids 
increases with particle concentration and the organic matter content of the 
sediment or soil, and consequently lowers solute partitioning.° 
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Another explanation for the particle concentration effect on K, suggests that 
particle interactions induce desorption of the labile fraction of sorbed HOCs 
as a result of the increased frequency of particle collision with increased parti- 
cle concentration.*7"8 

A third factor that has been suggested to account for this phenomenon is 
increased coagulation or aggregation of particles at higher concentrations.?""! 
An increase in the aggregated state of the system would result not only in less 
surface area, but also in an increase in the diffusive path length. In addition, 
recent evidence has shown that sorption equilibrium does not occur as quickly 
as once thought.!*!2 A period of fast uptake (minutes to hours) is followed by 
a much slower sorption process (days to months). The determination of com- 
plete equilibrium between the two phases requires sufficient analytical accu- 
racy and precision to detect small changes in aqueous solute concentrations. 
Consequently, the nonattainment of adsorption equilibrium within the short 
incubation periods used in the past (24-48 hr) may have resulted in lower K,’s 
at higher particle concentrations. 

Undoubtedly, no single explanation will suffice for all possible compound/ 
particle systems. There is little doubt that a colloidal effect exists; field and 
laboratory studies have provided extensive evidence. However, it remains to be 
shown whether other mechanisms may not also be contributing to a partition- 
ing dependency on particle concentration. 

In order to further elucidate the mechanism(s) responsible for the particle 
concentration dependency of HOC partitioning, the sorption behavior of a 
model HOC (4-monochlorobiphenyl, abbreviated 4-MCB) in a simplified 
model particle suspension is investigated. The model system consists only of 
clean monodisperse polystyrene microspheres and water, thereby eliminating 
any confounding effects due to the presence of colloidal or aggregated phases. 
The influence of parameters such as solute concentration, particle size, and 
stirring rate on sorption uptake rates and partitioning are examined. A radial 
diffusion model based’ on Fick’s law of diffusion is applied to the kinetic 
uptake data to demonstrate how well it predicts the intraparticle diffusion 
process of this system. 


EXPERIMENTAL METHOD 


Details of the experimental methods are given elsewhere." Briefly, a radiola- 
beled chlorinated biphenyl congener (4-MCB) was obtained from Sigma 
Chemical Company (St. Louis, MO). An aqueous solution of the compound 
was obtained by plating the congener out of iso-octane onto the walls of a glass 
bottle. After the solvent evaporated, Milli-Q water (Millipore, Bedford, MA) 
was added, and the solution continuously stirred for a week prior to its use in 
any experiment. 

Monodisperse polystyrene microspheres (MPM) with diameters of 5.87 + 
0.11 pm and 0.53 + 0.005 um, and low surface charge densities (5 eq -SO;/g 
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for the 5.87-um MPM) were obtained from Polysciences, Inc. (Warrington, 
PA). A carboxylate-modified MPM, 3.07 + 0.09 wm in diameter and exhibit- 
ing a more hydrophilic surface (67 weq -COO-/g), was purchased from Inter- 
facial Dynamics Corporation (Portland, OR). To ensure that these surfactant- 
free particle suspensions were free of monomer, low-molecular-weight 
oligomer, benzaldehyde, and other impurities, a diafiltration process was used 
to clean the particles.'* Diafiltration has been shown to be just as effective in 
removing impurities from MPM suspensions as dialysis and ion exchange, but 
more expedient.!* Surface charge densities were characterized by conductomet- 
ric titration.!® 


Adsorption Equilibration 


Microspheres were added to 14 ng 4-MCB/L aqueous solutions, 1% of the 
compound’s saturation solubility. A 10% saturation solution was also tested 
with 0.53-~m MPM suspensions. Particle concentrations of 1, 10, 100, and 
1000 mg/L were placed in 1- to 2-L screw-cap bottles and equilibrated in a 
temperature controlled water bath (25 + 2°C). The pH of these samples was 
5.6. The suspensions were stirred on a submersible stir plate with a Teflon- 
coated stir bar at a rate of 170 rpm. A slower stir rate of 60 rpm was also 
applied to 10-mg/L samples to test the effect of the hydrodynamic regime on 
hydrophobic partitioning. 

Duplicate subsamples for aqueous phase, solid phase, total 4-MCB, and 
particle concentration were taken after approximately 5, 50, 80, 125,and 240 
days of equilibration for the 3.07-um and 5.87-um particles. The 0.53-~m 
particles were subsampled at 5, 35, and 100 days. 


Partition Measurements 


The approach to sorption equilibrium was determined by measuring the 
distribution coefficient, Ky, over time. Kg is defined as the ratio of solute 
concentration in the particulate phase (C,, g/g) to that in the aqueous phase 
(C,, g/mL). 

The particulate and aqueous phases were separated by filtration. The effec- 
tiveness of the filter used in separating the phases is crucial for accurate 
partitioning measurements. Four filters were tested for 4-MCB sorption and 
0.53-ym particle retention. Sorption of 4-MCB was evaluated by measuring 
the recovery of a filtered aqueous sample. Retention of 0.53-»m particles was 
evaluated by examining the amount of light scattered as a laser passed through 
the filtrate. Glass-fiber filters (Gelman) were found to be adequate for filtering 
3.07-um and 5.87-ym particles, but not 0.53-~m particles. Recently developed 
anodized alumina filters (Anotec Separations, New York) were found to be 
adequate on both counts and allowed for fast filtration. Consequently, glass- 
fiber filters were used for the larger particles, and alumina filters for the 0.53- 
pm particles. 
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The following procedures were chosen based on the recommendations of 
Dunnivant for solvent extraction of sediments.'!’ Aqueous-phase 4-MCB was 
extracted from 45 mL of filtrate with iso-octane, 4 mL followed by 1 mL. 
Extraction efficiencies were > 95%. Sorbed 4-MCB was extracted from MPM 
(0.5-50 mg collected on filters) using 2 mL acetone and 10 mL hexane. The 
extraction vials were then placed next to a sonic probe (475-watt SON-1M-1 
Ultrasonic Processor) at 50% relative output and sonicated for 25 min. Extrac- 
tion solvent (5 mL) was added to liquid scintillation cocktail and counted. 
Total 4-MCB was measured to verify a mass balance. A 20 mL volume of total 
sample, 100 mL of acetone, and 15 mL of iso-octane were placed in a 250-mL 
dissolved oxygen bottle and sonicated for 25 min. The sample was then back- 
extracted by placing it in a 1-L volumetric flask along with 750 mL of Milli-Q 
water and shaken vigorously for 3 min. After phase separation, the iso-octane 
was subsampled and counted. 

Since the particle concentration parameter is as important in calculating the 
K, as the 4-MCB concentrations, MPM concentrations were also carefully 
measured as a function of time. Polycarbonate Nuclepore filters (0.1-~m pore 
size) were found to be adequate for filtering all particle sizes. 


RESULTS AND DISCUSSION 
Approach to Sorption Equilibrium 


The kinetic approach to sorption equilibrium of 4-MCB in aqueous suspen- 
sions of polystyrene microspheres of three particle sizes (d = 0.53, 3.07, and 
5.87 ym) is illustrated by an increase in the distribution coefficient, K,, with 
time (Figures 8.1 and 8.2). An initial period of fast uptake is followed by 
considerably slower rates of sorption for all three particle sizes. In addition, 
the time required to reach equilibrium increased with increasing solids concen- 
tration. While the approach to equilibrium for the higher solids samples is 
slower, it appears that K, values similar to those of the 10-mg/L samples will 
eventually be attained. In fact, the 100-mg/L K, values for the 0.53-4um MPM 
(data sets 1 and 2) are not significantly different from the 10-mg/L values after 
96 to 110 days of equilibration (p < .05). The 1000-mg/L K, values are still 
significantly different at this point, but appear to be approaching the lower 
solids K, value. 

One possible explanation for slower sorption kinetics with increasing parti- 
cle concentration is an associated increase in aggregation. However, these 
suspensions remained stable throughout the experiment, exhibiting very little 
aggregation. This was verified either by light microscopy (3.07 and 5.87-ym 
MPM) or light-scattering (0.53-um MPM) techniques. 

The rate of stirring in the incubation bottles was varied to test the effect of 
the hydrodynamic regime on partitioning. If transport in the aqueous phase is 
limiting, increasing the shear force of the system will increase the rate of 
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Figure 8.1. Time course of log Ky for 0.53-u4m MPM suspensions of varying particle 
concentrations. Error bars represent two standard deviations. 


sorption. The 3.07- and 5.87-um MPM 10-mg/L samples were stirred at 60 
rpm (slow) and 170 rpm (fast); all other samples were stirred at 170 rpm. No 
significant difference in uptake was observed between the fast and slow 
regimes, indicating that transport through the aqueous phase is not limiting 
(Figure 8.2). This is supported by a ten-order-of-magnitude decrease in the 
effective diffusivity of 4-MCB in polystyrene microspheres (10-'” - 10-'° cm’/s, 
see Radial Diffusion Model), relative to that in water (6.51 x 10° cm?/s).'8 

As expected, particle size is an important parameter in determining the time 
required to reach sorption equilibrium. Smaller particles exhibit a faster 
approach to equilibrium than larger particles due to shorter diffusional paths. 
For the 10-mg/L solids samples, equilibrium appears to be reached after 35 
days for the 0.53-4m MPM, 123 days for the 3.07-um MPM, and 247 days for 
the 5.87-um MPM. For the higher solids samples, longer equilibration times 
are required. 

In addition, initial uptake is limited by particle surface area. This is best 
demonstrated by comparing the rate of uptake, represented by an increase in 
log K, with time, to a ratio of surface areas (projected surface area of 4-MCB 
added less the equilibrium aqueous concentration:surface area of the particles, 
Figure 8.3). The ratio of surface areas (SA) represents a sorption driving force 
normalized to the surface area of the sorbent. For a particular particle size, the 
rate of uptake is positively correlated to the SA ratio. For the 3.07- and 5.87- 
um MPMs, however, this only holds for ratios less than 0.75. At ratios greater 
than 0.75, the rate of uptake decreases with increasing SA ratio. This decline is 
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Figure 8.2. Time course of log K, for 3.07-and 5.87-4m MPM suspensions of varying particle 
concentrations. Slow and fast stir rates are 60 and 170 rpm, respectively. 


probably the result of particle surface saturation. Since diffusion of 4-MCB in 
polystyrene is extremely slow (see below), it is the limiting step. Therefore, 4- 
MCB partitioning in these suspensions is limited by intraparticle diffusion. 
The reason for the decline of solute uptake with decreasing SA ratios (or 
increasing particle concentration) during both early (Figure 8.3a) and later 
(Figure 8.3b) time intervals is not immediately apparent. 

In contrast, the extent of partitioning appears to be independent of particle 
size. The K, values of the 10-mg/L samples are 4 x 10°mL/gand5 x 10°mL/ 
g for the 5.87-~m and 3.07-u4m MPMs, respectively. The 0.53-um MPM K, 
values are 4 x 10° mL/g (data set 1) and 5 x 10° mL/g (data set 2). If surface 
adsorption is significant, then K, values should increase with decreasing parti- 
cle size. Although there is a slight increase in partitioning between the 5.87- 
and 3.07-um MPMs, the particle with the largest specific surface area (0.53-ym 
MPM) has K, values which are not significantly different from those of the 
larger particles. These results support the conceptual model of HOCs-: parti- 
tioning into an organic phase, in addition to surface associations. !? 
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Figure 8.3. Relationship between the increase in log Ky and the surface area ratio of 
PCB:MPM between (a) 0-5 days and (b) 5-35 days for 0.53-1m MPM, and 5-53 
days for 3.07-and 5.87-1m MPMs. 


Adsorption Isotherms 


The four-order-of-magnitude range in particle concentration results in a 
similar range for C, and C, values, which can be plotted as an adsorption 
isotherm (Figure 8.4). It should be noted that not all of the data are at equilib- 
rium. The approach to sorption equilibrium for each of the particle concentra- 
tions of the 0.53-ym and 5.87-um MPMs is traced by a dashed line. For the 
0.53-~ym MPM, a linear region with a slope of one, and aK, of 5 x 10°mL/g, 
is evident for suspensions with C, values less than 2 mg/g. Although the K, of 
the highest solids sample (1000 mg/L) is slightly less than this K, after 110 
days, it appears to be approaching the value (Figure 8.4, far left data set). For 
the 5.87-um MPM, a linear region is also evident, but the slope appears greater 
than one. Consequently, the data could be represented by a Freundlich iso- 
therm with n > 1. However, it is more likely that the nonunity slope is an 
artifact of the higher solids suspensions and larger particle size requiring more 
time to reach equilibrium, even after 247 days of equilibration. 
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Figure 8.4. Relationship of log C, to log C,, as a function of time for the 0.53- and 5.87-um 
MPMs. Log C,, varied with particle concentration—1 mg/L (fourth data set from 
left) to 1000 mg/L (far left data set)—and 4-MCB concentration (TF = 10-fold 
4-MCB concentration). Dashed lines follow approach to equilibrium. 


Absent from this discussion so far has been the lowest solids suspension, 1 
mg/L. These suspensions generally have lower K, values than their higher 
solids counterparts. After 230 days of equilibration, the K, values of the 1-mg/ 
L 5.87-4m and 3.07-u4m MPM suspensions average 1.3 + 0.4 x 106 mL/g 
(Figure 8.2). The K, value of the 0.53-um MPM 1-mg/L sample is twice as 
high, 2.3 x 10° mL/g, after 110 days (Figure 8.1). When the adsorption 
isotherm of each particle size is examined, it is apparent that the 1-mg/L 
samples are not in the linear region (Figure 8.4). Whether the K,’s of these 
suspensions have reached equilibrium early on, or are approaching higher 
values at extremely slow rates, is difficult to ascertain. 

In addition to varying the solids concentration, the concentration of 4-MCB 
was varied by an order of magnitude for the 10- and 100-mg/L 0.53-~m MPM 
samples. While the sorptive uptake of the 100-mg/L 0.53-um MPM ‘sample 
equilibrated with 140-yg/L 4-MCB is greater than the 14-yg/L 4-MCB sample, 
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the K, time courses of the two systems are not significantly different (Figures 
8.3a and 8.5). The partitioning kinetics of the 10-mg/L 0.53-um MPM samples 
also appear to be independent of the 4-MCB concentration; however, the 
extent of partitioning is significantly less at the higher 4-MCB concentration. 
In addition, this sample exhibits a greater reduction in partitioning than the 1- 
mg/L sample exposed to 14-yg/L 4-MCB, despite having the same 4- 
MCB:MPM mass ratio. Thus, the extent of partitioning is both dependent on 
(>2 mg 4-MCB/g MPM) and independent of (<2 mg 4-MCB/g MPM) the 
mass ratio of solute to sorbent. The approach to sorption equilibrium can also 
be a function of the solute-to-sorbent mass ratio; however, the kinetics appear 
to be influenced mainly by particle concentration, and less by solute concen- 
tration, except initially when the surface becomes saturated. 

One possible explanation for the reduced partitioning at higher 4- 
MCB:MPM mass ratios is the presence of heterogenous “sites” within the 
polystyrene microsphere. Dual modes of sorption have been suggested as an 
explanation for the behavior of gases sorbed at high pressures in glassy 
polymers: 


1. sorption into preexisting voids or micropores which act in a manner equiva- 
lent to that of specific sites 

2. sorbate dissolution into the polymer with more-or-less random 
distribution.2?! 
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Figure 8.5. Time course of log K, for 0.53-4m MPM suspensions as a function of particle and 
4-MCB concentration. 
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Although polymer-sorbate interactions are relatively strong, they are not spe- 
cific as in the case of site-sorbate interactions.”! 


Radial Diffusion Model 


The uptake of a solute by a sorbent can be analyzed by an intraparticle 
diffusion model, assuming that external mass transfer to the particle is not rate 
limiting. The radial diffusion model has been used successfully to model 
adsorption rates of solutes into activated carbon,” ion exchange resins,’ heter- 
ogenous catalysts,** sediment and soil particles,** and soil columns.” The 
applicability of this model is restricted to systems where rigid boundary condi- 
tions can be assumed. Consequently, the size and shape of the solid phase must 
be well defined. Since the particles of the 4- MCB-MPM system are spherical 
and monodisperse, Crank’s analytical solution to the intraparticle diffusion 
equation2’ can be used, rather than a numerical solution which is required for 
polydisperse systems (e.g., Wu and Gschwend’s model**). Other assumptions 
of the model include: 


1. particles are internally porous and homogenous 

2. bulk solution concentration is uniform, but not necessarily constant 

3. K, and the effective intraparticle diffusion coefficient, Ds, are spatially 
invariant 

4. sorption is controlled by linear, reversible isotherms 

5. local equilibrium holds. 


Under these conditions the fractional approach to equilibrium of a well-stirred 
solution of limited volume is given by 


M, _ 1 _ yy Sala + Vexp(-Derr dno t/R’) | 
M., n=1 9+ 9a + Qn2 a? 2 





(8.1) 


where a = 3V/(4 7R°K,). M,, is the sorbed concentration (g/g) at equilibrium, 
R is the radius of the particle, V is the aqueous volume, and q, is given by the 
nonzero roots of the equation 


tan(q,) = 3q,/(3 + aq,). (8.2) 


Equation 8.2 is solved for q, using the secant method. Since M,, was not 
measured for those samples which did not reach equilibrium, it was calculated 
using K, (from 10-mg/L data), solids concentration (p), and the equations 


Co 
Creg = Te oke (8.3) 


and 


M., — Ko Cheo: (8.4) 
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Table 8.1. Uptake of 4-MCB by Polystyrene Microspheres 





Incubation Log Kg (ml/g) M/Meq 
Period TSS (mg/L) TSS (mg/L) 
(Days) 10 100 1000 10 100 1000 
0.53-4m MPM 
5 6.51 6.09 5.93 0.95 0.95 0.97 
35 6.70 6.43 6.01 0.96 0.97 0.98 
110 6.75 6.80 6.44 1.00 1.00 1.00 
3.07-1m MPM 
4 5.81 5.71 5.30 0.88 0.97 1.00 
53 6.45 6.18 5.91 0.98 0.98 1.00 
75 6.71 6.34 6.08 0.99 0.97 1.00 
123 6.72 6.45 6.08 1.00 1.00 1.00 
229 6.71 6.59 6.30 1.00 1.00 1.00 
5.87-4m MPM 
4 5.08 5.61 5.38 0.57 0.98 1.00 
Dir 6.20 6.40 5.76 0.97 1.00 1.00 
89 6.38 6.45 6.08 0.98 1.00 1.00 
131 6.38 6.23 _ 0.99 1.00 _— 
247 6.61 6.40 6.29 1.00 1.00 1.00 


The model is generally fit to M,/M,, versus time curves with D,,; as the only 
fitting parameter. However, because the early portion of the uptake curve was 
not measured, and the M,/M,, ratio changes only slightly, optimization of Dec, 
from this type of plot is less accurate. By day 4, all of the solids concentrations 
of the 0.53-um MPM had sorbed 95% of their M.,. For the larger particles, the 
10-mg/L samples sorbed as much as 57% (5.87-1m MPM) and 88% (3.07-ym) 
of their M,,, while the 100- and 1000-mg/L samples sorbed 95-100% by day 4 
(Table 8.1). It would appear, then, that these suspensions reach equilibrium 
very quickly, with the higher solids samples approaching M,, faster than the 
lower solids samples. Regardless, conclusions drawn from the K,-time rela- 
tionships indicate that the opposite is true: sorption equilibrium is reached 
very slowly, and lower solids samples equilibrate faster than higher solids 
samples (Figures 8.1 and 8.2, and Table 8.1). 

Clearly, the former type of presentation illustrates only what is going on in 
the solid phase, while the K, reflects the approach to equilibrium of both 
phases. For systems with high partitioning, due to the hydrophobicity of the 
solute and/or the large organic fraction of the sorbent, the amount of solute 
associated with the solid phase is much greater than that of the aqueous phase. 
Thus, while the solid-phase concentration appears to level off, small transfers 
from the aqueous phase still occur, resulting in observable increases in Ky. 

Simulated uptake curves with a range of D,,; values are shown in Figure 8.6 
along with the K, data sets of each particle size. It is obvious that a single Ds; 
cannot be applied to all the solids concentrations, or very often even within a 
solids concentration for all times. Because the computer simulation did not 
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Figure 8.6. Radial diffusion model curves for varying Def values compared with experimental 
results for 0.53-, 3.07-, and 5.87-~m MPM suspensions at particle concentrations 
of 10, 100, and 1000 mg/L. 


allow for a statistical best fit, visual best-fit ranges of D,,; are listed in Table 
8.2. These D,;; result from fitting the center portion of the curve. The DD. 
values, ranging from 1.5 x 10-'® cm?/s to 9x 10-6 cm?/s, generally appear to 
decrease with increasing solids concentration and decreasing particle size. 
Thus, an increase in particle number or associated surface area is adversely 
affecting the rate of sorptive uptake of 4-MCB. 
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Table 8.2. Radial Diffusion Model D,+, Estimates (10'” cm?/sec) 


Particle Size Particle Concentration (mg/L) 
(um) tote 100 1000 
0.53 3-9 0.15-0.7 
3.07 (<70 days) 6-10 2-6 0.5-1.1 
(>70 days) 18-70 
5.87 10-20 10-20 4-8 


The radial diffusion model tends to overestimate early (day 4) K, values and 
underestimate the later K, values. The initial overestimation occurs for those 
samples whose SA ratios indicated an initial saturation of the surface (i.e., 10- 
and 100-mg/L 5.87-um MPM, and 10-mg/L 3.07-4m MPM suspensions). The 
model’s initial partitioning boundary condition does not account for the mass 
transfer limitation that occurs when PCB:MPM SA ratios are greater than 
0.75. Additionally, the apparent increase of D,,; at later times and the increase 
of the coefficient with decreasing solids concentration are unaccounted for by 
simple Fickian diffusion. One possible explanation for these phenomena is a 
concentration dependency of D.,;,. However, when the concentration of 4- 
MCB is increased 10-fold the rate of uptake is unaffected (Figure 8.5). This 
suggests that a solute concentration dependency of the intraparticle D,,; is not 
important at these low levels. 

An estimate of the concentration effect on D.., for the 4-MCB-MPM system 
can be made using a relationship established for the benzene vapor-polys- 
tyrene system:?? 


D = Do exp(av-? (8.5) 


where v, is the volume fraction of sorbed penetrant, and D,,) is the diffusivity 
at zero volume fraction. For benzene, a is equal to 52. The parameter a does 
not vary considerably with solute, ranging from 35 to 58 for a variety of 
halogenated and nonhalogenated hydrocarbons in polystyrene at 25°C.” 
Using the particulate 4-MCB concentrations for the 10-mg/L (~ 1000 pg 4- 
MCB/g MPM) and 1000-mg/L (~10 wg 4-MCB/g MPM) 0.53-ym suspen- 
sions at equilibrium, the D,,; would be expected to increase by only 5% as 
solids concentrations decreased. Initially, however, the sorbed 4-MCB is asso- 
ciated with a small fraction of the particulate volume; consequently, the solute 
concentrations are much higher. At these solute concentrations, the D,,; of the 
low solids suspensions would be expected to increase significantly according to 
Equation 8.5, but the high solids D.,; value would not be affected. It is there- 
fore possible that the concentration dependency of the intraparticle diffusivity 
could account for the 0.5-to 2-orders-of-magnitude increase in D,,, associated 
with the 2-orders-of-magnitude decrease in solids concentration. Further 
experimental and modeling studies are required to support this hypothesis, and 
to explain the contradictory result shown in Figure 8.5. 
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Solute Diffusion in Polymers 


Solute diffusion through a polymer matrix is determined by properties of 
the polymer, which in turn can be functions of temperature, solute concentra- 
tion, and time (for a review, see Rogers”!). For a polymer which is soft or 
rubbery (i.e., above its glass transition temperature), polymer strand relaxa- 
tion is rapid in response to changes in conditions (e.g., temperature, solute 
concentration). Solute diffusion behavior in this type of polymer can be ade- 
quately described by a concentration-dependent form of Fick’s law. For a hard 
or glassy polymer (i.e., below its glass transition temperature), such as polysty- 
rene, stress to polymer strands is slow to decay. Additional sorption results as a 
consequence of the increase in free volume of the polymer matrix with segment 
relaxation.2! Relaxation times decrease with increasing temperature or solute 
concentration. Thus, the overall sorption process reflects polymeric relaxation 
motions and their consequences that occur on a time scale comparable to, or 
greater than, the time scale of the concurrent diffusion process. This type of 
behavior results in a time-dependent D,;;. 

Examples of non-Fickian diffusion in glassy polymers include organic 
vapors, such as methylene chloride and benzene, diffusing in polystyrene,””*° 
cellulose nitrate,?! and cellulose acetate.*?33 Non-Fickian systems exhibit sorp- 
tion curves that are sigmoid in shape. For the PCB-MPM system, the uptake 
curves do not appear sigmoid. However, early times (< 24 hr) have not been 
examined. While there is no conclusive evidence specifically for non-Fickian 
behavior in this system, it seems highly likely given the tendency of polysty- 
rene, and the increase in anomalous behavior with increasing molecular size of 
the solute. 

As mentioned previously, solute partitioning to glassy polymers is compli- 
cated by their heterogenous nature. Free segmental rotations of the polymer 
chains are restricted in the glassy state, resulting in microvoids in the polymer 
matrix.*4 These “holes”: act to significantly retard solute diffusion by entrap- 
ment or binding at high energy sites. Support of the theory of dual modes of 
sorption in glassy polymers is found in its ability to account for anomalously 
high partitioning and negative sorption enthalpies** and in pulsed NMR evi- 
dence.* For a number of studies, the highly nonlinear isotherms can be decom- 
posed into partitioning and Langmuir contributions. However, it has not yet 
been established whether two modes of diffusion are also operative. 


Polymers as Models for Natural Organic Matter 


The intended use of polystyrene microspheres was not that these particles 
act as specific surrogates for natural organic matter, but rather as particles of 
well-defined size, shape, and organic composition in a partitioning study of 
the solids concentration effect. However, it became clear that a thermody- 
namic answer may not be what is required to explain the solids effect, but 
rather a kinetic one. Although these particles are sufficient for thermodynamic 
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sorption studies, they may not be suitable for kinetic studies. The following 
are a few observations and recommendations concerning the use of polymers 
as models for natural organic matter in sorption studies. 

Concerning thermodynamic partitioning, the log K,, for the 4-MCB-MPM 
system is 6.7. This K,,. (mL/g) value is two orders of magnitude greater than its 
partitioning in the octanol-water system (log K,, = 4.5).36 The 4-MCB-MPM 
K,, value is three orders of magnitude greater than the predicted K,, for natural 
organic matter using the relationship of Chiou et al. for PCBs (log K,. = 
3.51).3’7 Looking at the water-saturated solubility parameters of each solvent, 6 
(cal/cm?)°>, it is expected that polystyrene (6 = 9.3)** have higher K,.s than 
octanol (6 = 10.3) or soil humus (6 = 13.0)’ for solutes with 6 < 10 (e.g., 
trichlorobiphenyl, naphthalene, phenanthrene).** However, the K,, of the 
MPMs is disproportionately higher. One possible cause for this partitioning 
relates to the concept of dual-mode sorption in glassy polymers. Applying the 
dual-mode sorption model of Vieth and Sladek”® to the measured isotherms, a 
log K = 6.8 for specific-site sorption (Langmuir isotherm contribution), and a 
log K = 5.1 for dissolution into the polymer (linear partitioning contribution) 
were calculated. Thus, without the specific sites provided by micropores, the 
partitioning in these microspheres would be much lower. If this hypothesis is 
correct, an amorphous but nonglassy polymer (above its glass temperature at 
room temperature, and therefore no micropores) with an equivalent 6 should 
have a log K,, of about 5 for 4-MCB. 

Although octanol is well suited for predicting equilibrium partitioning, it 
cannot be used as a surrogate for natural organic matter with regard to sorp- 
tion kinetics due to structural differences between the phases and diffusive 
path lengths. Nonglassy amorphous polymers would be better surrogates for 
the polymeric component (called humin or kerogen) that is present in most 
sediments.2? These polymers behave as simple hydrocarbon liquids whose ther- 
modynamic properties are homogenous.” In addition, their transport proper- 
ties are not time dependent. Therefore, a polymer such as polymethyl acrylate, 
which has a glass temperature below room temperature (8°C) and a 6 = 10.4, 
would be a good surrogate. However, intraparticle geometric parameters, such 
as macroporosity and tortuosity, that contribute to sorption kinetic rates in 
natural particles are generally absent from these systems. 


SUMMARY AND CONCLUSIONS 


A solids concentration effect on 4-MCB sorption was observed in aqueous 
suspensions of polystyrene microspheres. The microspheres were carefully 
cleaned so that any DOC or colloidal effect was effectively eliminated. This 
apparent inverse relationship of 4-MCB partitioning with particle concentra- 
tion diminished with time, demonstrating that nonattainment of equilibrium 
results in the observed phenomenon. The 10-, 100-, and 1000-mg/L samples of 
the smallest particles (0.53-1m MPM) effectively reached the same K, after 96 
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days. Consequently, the effect of particle concentration on solute partitioning 
requires a kinetic explanation rather than a thermodynamic one. 

As in many natural particle suspensions, a period of initial fast uptake was 
followed by impeded intraparticle diffusion for the 4- MCB-MPM system. The 
fast uptake is characterized by a surface area dependency, implying that the 
surface concentration becomes saturated (SA ratio > 0.75) when the rate of 
intraparticle diffusion limits the uptake process. For SA ratios < 0.75 (nonsa- 
turated), another surface area dependency is evident, with partitioning 
decreasing as the SA ratio decreases. This latter dependency occurs during the 
period of slow uptake as well. 

The independence of K, with particle size (4-5 x 10° mL/g) agrees with the 
conceptual model of dissolution of HOCs within the sediment/soil organic 
phase, in addition to adsorption to hydrophobic surfaces. Although equilib- 
rium partitioning within the 4-MCB-MPM system is independent of particle 
size, the kinetics of adsorption is not. For the 10-mg/L sample to reach sorp- 
tion equilibrium, it required approximately 35 days for the 0.53-4m MPM, 123 
days for the 3.07-um MPM, and 247 days for the 5.87-um MPM. As expected, 
the smaller particles reached equilibrium faster due to the shorter diffusional 
path. However, the intraparticle diffusivity of 4-MCB within 0.53-ym parti- 
cles, obtained as a fitting parameter for a radial diffusion model, is signifi- 
cantly lower than those for the 3.07-and 5.87-um MPMs. In addition, the D,,, 
appears to decrease with increasing particle concentration. These results sug- 
gest that the number of particles, or amount of surface area, in a suspension 
affects the rate of intraparticle diffusion of 4-MCB. 

A mechanistic explanation for the inverse relationship of particle concentra- 
tion and sorption uptake rates is not immediately obvious. Impeded diffusion 
as a result of aggregation at higher solids concentrations can be discounted in 
this case, since these particles remained monodispersed. The nonlinearity of 
the adsorption isotherm provided evidence for heterogenous modes of sorp- 
tion (specific sites, along with random dissolution) within these polystyrene 
microspheres. A result of this dual-mode sorption mechanism — observed in 
polystyrene, as well as other rigid polymers —is a concentration dependency of 
D.+;. Preliminary estimates indicate that the magnitude of the dependency is 
large enough to account for the 0.5-to 2-orders-of-magnitude increase in D 
associated with the 2-orders-of-magnitude decrease in solids concentration. 

The radial diffusion model applied in this study, Crank’s analytical solution 
for intraparticle diffusion, overestimates early partitioning values for those 
samples whose SA ratio indicates saturation, and slightly underestimates later 
partitioning values, implying that D,,; increases with time. Therefore, 4-MCB 
diffusion through these particles cannot be described by simple Fickian diffu- 
sion. Non-Fickian behavior, such as time-dependent D,,,’s or surface concen- 
trations, and heterogeneity of sorption modes, results in much more complex 
sorption partitioning and kinetics. Whether non-Fickian diffusion is respon- 
sible for the solids concentration effect on sorption uptake rates cannot be 
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determined without finer time resolution of the uptake process as a function of 
solute and solids concentrations. 

More important, however, is to ascertain whether an inverse relationship of 
HOC sorption uptake rates with solids concentration occurs in natural parti- 
cles and their organic components. Since it is very difficult to eliminate colloi- 
dal effects in these natural suspensions, a cleaner system made up of amor- 
phous nonglassy polymer particles is recommended. These rubbery polymers 
have the advantage of behaving as simple hydrocarbon liquids with respect to 
their thermodynamic properties, and exhibit simple Fickian diffusion. 
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CHAPTER 9 


Polycyclic Aromatic Hydrocarbons in Sediments 
and Pore Waters of the Lower Great Lakes: 
Reconstruction of a Regional Benzo(a)pyrene 
Source Function 


Brian J. Eadie, John A. Robbins, Warren R. Faust, and Peter F. Landrum 


INTRODUCTION 


In the Great Lakes, as in most aquatic systems, the rapid and efficient 
processes of sorption and settling scavenge hydrophobic organic contaminants 
(HOC) from the water column, with the result that the largest fraction of 
persistent trace contaminant inventories presently resides in sediments. How- 
ever, studies of the long-term behavior of certain fallout radionuclides and 
stable contaminants in the Great Lakes have shown that higher levels persist in 
the lakes than would be expected if settling and burial were the sole transport 
process. Toxic materials return from sediments due primarily to resuspension.' 
Constituents initially transferred to sediments are homogenized via bioturba- 
tion, creating a mixed layer corresponding to a decade or more of accumula- 
tion. These are resuspended back into the water column during the isothermal 
period and are available for uptake by pelagic biota. A second, poorly quanti- 
fied return pathway to pelagic biota is via the direct uptake of sediment-bound 
contaminants by benthos and food web transfer. 

The processes of sorption, settling and resuspension, bioturbation, and bur- 
ial together control the phase distribution, long-term behavior, and, to some 
degree, bioavailability of most trace contaminants in aquatic systems.! The 
degree of partitioning of a constituent between particulate and dissolved 
phases, generally presented as the ratio (K,), is a function of the compound’s 
intrinsic properties and the composition (e.g., particle size, fraction organic 
carbon) of the substrate. Once the HOC is associated with particulate matter, 
its water column residence time is relatively short (ca. months in the 100-m 
deep Great Lakes). Mean particle settling velocities of approximately 1 m/day 
have been estimated for the period of thermal stratification in several large 
lakes in the world,” and values during the isothermal period are greater. At a 
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depth of approximately 10-20 m above the bottom, particles enter the benthic 
nepheloid layer (BNL), a region of elevated particle concentration and mass 
flux. The BNL is a regular feature in all of the Great Lakes and appears to be 
composed primarily of resuspended sediments. The BNL is frequently 
recharged from a variety of sources in addition to the particles settling down 
from above. In shallow waters, surface and internal waves, and occasional 
strong currents, resuspend sediments, sorting the particles and transporting 
them horizontally as well as vertically. During the long period when the system 
is not thermally stratified, there appears to be local resuspension even in 
deeper regions, and the resuspended sediments are well mixed throughout the 
water column.?* With the onset of stratification, vertical turbulence is mark- 
edly reduced below the thermocline, and the bulk of resuspended materials 
resettle to the BNL and lake bottom. The long-term consequence of seasonal 
resuspension and redeposition is the eventual accumulation of particle- 
associated contaminants in least turbulent areas of the lakes. The resultant 
lateral inhomogeneity of sediment-associated trace constituents, called focus- 
ing, operates strongly in the Great Lakes system. 

At the sediment surface, freshly deposited materials are mixed with older 
sediments as a result of the movement and feeding activities of organisms 
inhabiting the upper layers of sediment (1-10 cm thick). As a result of mixing, 
materials which would have been buried are reintroduced into the resuspendi- 
ble pool. Several studies have shown that, in general, organisms occur in 
sufficient numbers throughout the Great Lakes to homogenize near-surface 
sediments, representing the input of years to decades.** In the Great Lakes, the 
amphipod Diporeia sp. is the predominant benthic organism, constituting 
65% of the macroinvertebrate population biomass.’ Note that Diporeia sp. is a 
new genus and was previously classified as Pontoporeia hoyi.® Diporeia lives at 
the interface, although it does burrow down a few centimeters and mixes 
sediments in a dispersive manner. Diporeia can also swim up into the water 
column. Oligochaete worms are also major contributors to sediment mixing in 
the lakes. These animals characteristically burrow several centimeters down 
into the sediments and spend a significant amount of their time feeding in a 
head-down position while excreting from tails protruding through the 
sediment-water interface. This particle-selective conveyor-belt process has the 
effect of bringing buried materials back into the resuspendible pool and ulti- 
mately homogenizing near-surface deposits. This mixed layer zone has been 
shown to be directly related to the vertical distribution and numbers of organ- 
isms that can mix sediments at a given site.*° The reintroduction of homoge- 
nized materials from the sediment mixed layer into the water via resuspension 
allows constituents to move toward new sorption equilibria. 

The polycyclic aromatic hydrocarbons (PAH) constitute a large class of 
compounds generally formed in the incomplete combustion of fossil fuels.2 At 
relatively low combustion temperatures, the multiringed PAH contain a large 
number of alkyl side chains. The abundance of these side chains decreases as 
combustion temperature increases, so that at temperatures above approxi- 
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mately 750°C, the unsubstituted parent ring structures predominate. Studies 
of several combustion sources and sediments have shown that several PAH are 
ubiquitous and relatively abundant. Among the most common and easily iden- 
tified are phenanthrene, fluoranthene, pyrene, and benzo(a)pyrene (BAP). 
The structures of these PAH are given in Figure 9.1. In this chapter, we 
examine the distribution of these four PAH within the highly industrialized 
lower Great Lakes in well-characterized sediments going back to before 1800 
in an attempt to (1) estimate the historical fluxes of PAH to these lakes and 
compare them to other lake systems and (2) use this information to reconstruct 
a historical source function for BAP for the lower Great Lakes. 


METHODS 


Sediment samples were collected aboard the Canadian RV Limnos with a 
0.25-m? box corer at two sites in eastern Lake Ontario (described in detail in 
Eisenreich et al.'°) and a high depositional site in eastern Lake Erie (42°31'00” 
N, 79°53'38” W). For the Lake Ontario samples, 3-in. diameter subcores were 
taken, extruded and sectioned at 1-cm intervals in the field, and stored frozen 
until extraction. Larger (5-in.) subcores were collected from the Lake Erie box 
core, and the extruded 2-cm sections were stored in refrigeration until centri- 
fuged. Radionuclide analyses were performed on adjacent 3-in. subcores 
(from the same box core) sectioned at 0.5-to 1-cm intervals. 

Pore waters were separated from the Lake Erie sediments by centrifugation; 
then 2-cm sections from two adjacent 5-in. subcores were combined. These 
large wet sediment samples (> 500 mL) were placed in precleaned 1-L high- 
density polyethylene bottles and spun at 2500 rpm for 20 min in an IEC Model 
K centrifuge. Small chunks of dry ice were placed inside the centrifuge to keep 
the temperature below ambient. Under these conditions, 290-375 mL of pore 
water was separated per 2-cm section. The water was decanted and immedi- 
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Figure 9.1. Ring structure of the four combustion PAH discussed in this chapter. 
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ately filtered through precombusted (4 hr at 400°C) Whatman GFF glass-fiber 
filters (nominal cutoff < 1 »M). Dissolved organic carbon (DOC) was ana- 
lyzed from subsamples by the wet oxidation method. The remainder of the 
pore water was dosed with two radiolabeled PAH compounds as tracers for the 
analytical methodology and extracted three times with approximately 10% of 
the water volume using methylene chloride. 

Sediments were Soxhlet extracted (wet) with 125 mL MeOH for approxi- 
mately 4 hr. After cooling, 250 mL of CH,Cl, was added and extraction 
continued overnight. The extracts were transferred to 500-mL separatory fun- 
nels and washed with 3 x 50 mL of CH,Cl, extracted distilled water. The sol- 
vent portion of the extracts was then reduced in volume by rotary evaporation 
(equipped with a cold finger trap to increase efficiency) to approximately 5 
mL, transferred to a 50-mL round-bottom flask, and 15 mL of pentane was 
added. Rotary evaporation was continued until the sample was reduced in 
volume to approximately 2 mL; then this step was repeated. The extract, now 
in pentane, was evaporated to approximately 0.5 mL with a stream of clean 
nitrogen gas. This was introduced onto a column (12 x 0.5 cm) that had been 
slurry packed with fully activated (8 hr at 200°C; stored at 120°C) silica gel. 
The upper 1 cm of the column was dry packed with precleaned sodium sulfate 
to trap any remaining water. The first elution, 12 mL of pentane, removed 
primarily the saturated hydrocarbons. The second elution, calibrated for each 
batch of silica gel, used 10-12 mL of 9-14% CH,Cl, in pentane to elute the 
PAH. A 15-mL wash of CH,Cl, recovered the remainder of the extract. These 
eluents were evaporated to 0.5 mL in a stream of dry nitrogen, and 50 nL was 
removed for counting of radiotracer. Extraction yields were based on the 
average of the recovery of spiked radiotracers. The radioactivity was measured 
on a Packard 460C liquid scintillation spectrometer. Sample quench was cor- 
rected using the external standards method after subtracting background. 

Analysis was performed on a Hewlett Packard 5880 gas chromatograph 
equipped with an autoinjection system, programmed in a dual column mode. 
An injection was made into each 20-m capillary column (DB-1 and DB-5) at 
100°C. The program was then automatically started (4°C/min to 280°C) with 
detection on a pair of HNU photoionization detectors (10.2 eV) optimized for 
PAH."! These detectors are 20-50 times more sensitive than FID for the aro- 
matic compounds. Compound identification was based on retention times on 
both columns being within 0.5% of mixed external standards run on the same 
day. Samples were quantified by running a set of three standards, covering an 
order of magnitude in concentration (responses were within linear range), at 
the beginning of each programmed autosample run. If the response of the 
sample fell outside of the standard runs, the sample concentration was altered 
by dilution or evaporation and rerun. Solvent blanks were run between each 
sample/standard to ensure that there was no memory. For 12 sets of three 
concentrations of the PAH standards, the measured standard deviation was 
less than 10% of the mean values for each compound. 

A problem common to analyses of trace contaminants in the environment is 


PAH IN SEDIMENTS AND PORE WATERS 175 


our ability to collect a representative sample and the quality of data achievable 
with existing technologies. We have previously reported on the precision of our 
analyses for PAH in sediments;'”:'3 coefficients of variation for extractions of 
a homogenized, split sediment sample for the PAH were 34% (Phen), 21% 
(Fl), 20% (Py), and 19% (BAP). Analysis of two other samples similarly 
collected on two subsequent cruises did not substantially change the means or 
coefficients of variation. For this study, we regard the precisions cited above to 
be realistic. 


RESULTS AND DISCUSSION 
Sediment Geochronology 


The Lakes Erie and Ontario cores selected for analysis were collected as part 
of a more comprehensive evaluation of tracers in lake sediments. Core geo- 
chronology is based on the analysis of fallout "Cs and natural ?!°Pb. The 
geochronology of the two Lake Ontario cores is analyzed in detail else- 
where.!°'4 The latter treatment includes a correction for the recent (past 80 
years) increase in the concentration of organic carbon and CaCO,, both 
related to nutrient-enhanced productivity. Both cores appear to have an unin- 
terrupted record of deposition over their length, and their recent accumulation 
rates differ by a factor of 1.8. The first of these cores, designated E-30, has a 
base sediment accumulation rate of 0.040 g/cm? year until approximately 
1900, after which it increased to a maximum of about 0.055 g/cm? year due to 
the carbon dilution mentioned above. The second core, G-32, had a base 
sedimentation rate of 0.090 g/cm? year, which began increasing at the same 
time to a maximum of about 0.115 g/cm? year. 

The down-core distribution of the '°’Cs and 7!°Pb for the eastern Lake Erie 
core is presented in Figure 9.2. The !3’Cs peak corresponds with the maximum 
load in 1963. The '2’Cs data were least-squares fitted to a rapid steady-state 
mixing (RSSM) model,*'5 from which the thickness of the sediment mixed 
layer (3.35 g/cm?) and sediment accumulation rate (0.60 g/cm? year) are opti- 
mized. The solid line in Figure 9.2a is the fit to the measured !*’Cs points. 
Using these same parameters, the model was fit to the 7!°Pb constant source 
function, with excellent results (Figure 9.2b), increasing our confidence in the 
parameter values. Thus, the sediment accumulation rate in the core from 
eastern Lake Erie is 5-10 times that of the Lake Ontario cores. 


Combustion PAH in Sediments 


The PAH concentrations measured in these three Great Lakes cores (Figure 
9.3) fall within the range of measurements in other locations, and as is 
expected, they are more representative of highly populated, industrialized 
sites. Laflamme and Hites, in their analysis of sediments from around the 
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Figure 9.2. (a) The depth profile of 'S7Cs measured in the Lake Erie 1983 MS box core. The 
two lines represent the results of the rapid steady-state mixing (RSSM) model 
(solid) and an external integration model (dashed); the differences are negligible. 
Results from the RSSM are the mixed layer depth (3.35 g/cm?) and sediment 
accumulation rate (0.60 g/cm? year). (b) The depth profile of excess 2'°Pb. The 
line represents the results of applying the RSSM with '?’Cs-derived parameters 
to the @'°Pb source function. The agreement with the Pb data increases our 
confidence in the RSSM parameters. 


world, found a background concentration from remote environments to be a 
few tens of ng/g.'® This is similar to the values that we measured in the two 
Lake Ontario cores in sections from before approximately 1850. Similar back- 
ground concentrations have also been reported, for the four combustion PAH 
discussed in this chapter, in remote lake sediments from the. Adirondacks. ” 
The surface and subsurface maximum concentration are also within the range 
already described in the literature. The Charles River (Boston, MA) and New 
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York Bight, for example, have higher reported concentrations,'° as do some of 
the cores from the Greifensee.'® These sites are in highly industrialized areas 
and most likely receive localized inputs. More surprising is the high surface 
sediment concentration in remote Adirondack lakes,'’ whose source of PAH is 
predominantly atmospheric (from combustion-related activities in the Great 
Lakes region). Furlong et al. also found very high concentrations and fluxes of 
combustion PAH in Adirondack lakes.!® If the source assumption is correct, 
then these findings imply a relatively long-range (hundreds of kilometers) 
transport of large amounts of the combustion PAH. 

The PAH profiles that we measured in Lake Ontario exhibit a clear subsur- 
face maximum (Figure 9.3). In many recently collected sediments, the maxi- 
mum reported value for the combustion-related PAH is at the surface.'7!8° 
Undoubtedly, the primary source of these compounds is incomplete combus- 
tion of fossil fuels. In the Great Lakes region, the major industrial energy 
source (coal) and home heating (coal and wood) were being replaced by 
cleaner-burning oil and natural gas by the late 1950s. These changes, plus 
emission controls subsequently imposed by environmental legislation, have 
resulted in an observable decrease in the concentration of BAP in regional air 
and in the delivery of PAH to Lake Ontario. Profiles of PAH with subsurface 
maxima have been reported for Puget Sound?! and some small lakes in the 
northeast United States.'!9?2 Concentration maxima in these systems occurred 
between 1940 and 1955, similar to those described in this chapter, and subse- 
quent reductions have also been attributed to changes to cleaner fuels and 
emission controls. 

Surface concentrations of PAH in the Lake Erie core (Figure 9.4) were low 
relative to other (near-shore) sediments reported for Lake Erie,'?? but well 
within the range reported for the other open Great Lakes. Based on the radio- 
nuclide interpretation, the core covers the period of approximately 1959 
(38-40 cm) to the collection date of 1983; thus, each 2-cm section represents 
less than 2 years of accumulation. Peak PAH concentrations (approximately 
two times the surface concentrations) were observed between 20 and 30 cm 
(approximately 1964-1970). In Figure 9.3 the sediment PAH are presented as 
concentration versus radionuclide model estimated date. This allows the two 
Lake Ontario cores to be superimposed and presented along with the Lake Erie 
core described above. It is clear from this figure that the Lake Erie core was 
too short to reach the peak concentrations of PAH. These values occurred in 
the mid-1950s (Table 9.1); the error in the time estimate is approximately +5 
years. Since the Lake Erie core did not reach PAH background, it is not 
included in Table 9.1. 

Concentrations of the four PAH show background levels of a few tens of 
ng/g, presumably produced by natural forest fires, until the middle of the 19th 
century. The subsequent increase in PAH concentration, presumably anthro- 
pogenic in origin, corresponds to the growth of population and industrial 
development in the region. Surface sediment concentration of these PAH 
were higher in the Ontario cores than in the Erie core. This is mainly due to the 
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Figure 9.4. Combustion PAH measured in the 1983 Lake Erie MS box core. Each line 
represents the concentration of phenanthrene, fluoranthene, pyrene, or 
benzo(a)pyrene as identified in the legend. The core spans the period of 
approximately 1959 to the time of collection, 1983. The reduction near the 
surface is significant, a factor of 2-3 less than the peak. 


Table 9.1. PAH Concentrations (ng/g sed) in Lake Ontario Sediments 





Core 81E-30 
PAH 
Max Year PAH Max/1981 
Phenanthrene 812 1953 307 2.6 
Fluoranthene 1145 1953 349 3.7 
Pyrene 839 1959 249 or 
Benzo(a)pyrene 809 1959 425 1.9 
Core 81G-32 
Phenanthrene 854 1954 301 2.8 
Fluoranthene 909 1954 466 1.9 
Pyrene 773 1954 418 1.8 
Benzo(a)pyrene 494 1957 300 1.7 
Accumulation (g/cm?) 1830-1981 
E-30 G-32 Ratio 
Mass (g/cm?) 5.4 9.3 1.73 
Focusing factor 1.17 1.74 1.49 
Organic carbon (mg C/cm?) 138.0 273.0 1.98 
Phenanthrene (ug/cm?) 1.9 2k 1.42 
Fluoranthene 3.5 4.6 1.31 
Pyrene 2.5 3.3 1.32 
Benzo(a)pyrene 2.5 3.3 1.32 
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Table 9.2. Lake Erie (83MS Box) Pore-Water Concentrations (ng/L) and Equilibrium 
Distribution Coefficients for Sediment PAH 


Mean Pore-Water Conc. 





Compound + SD Mean K, + SD 
Phenanthrene 198 + 92 1247 + 1141 
Fluoranthene 26 + 16 11396 + 5147 
Pyrene 28 + 18 13319 + 6437 
BAP 17 + 14 9120 + 5950 





higher mass accumulation rate in the Lake Erie sediment resulting in more 
dilution by inert materials. Considering the errors involved in these analyses, 
the peak concentrations of PAH at the two Ontario sites are approximately 
equal, except for BAP, which was generally higher in concentration at station 
E-30. Since these sites are in the same depositional basin of Lake Ontario and 
are only separated by about 30 km, it is difficult to understand this difference 
in BAP. For all four PAH, peak concentrations in the mid-1950s were approxi- 
mately two to three times present values. The total accumulation of the four 
PAH, from background levels around 1860, was greater in core G-32. The 
ratio of PAH accumulation in the two cores was substantially lower than the 
ratio of mass or organic carbon accumulation and more closely approximated 
the accumulation of '’Cs and 7!°Pb from which the focusing factors are 
derived. 


Pore Waters 


Understanding the distribution of HOC within the sediment matrix is 
important for understanding the exposure of organisms to these contaminants. 
Organisms that live and feed in the surface sediments suffer elevated exposure 
to HOCs from both the inventory attached to particles in the sediments and 
that in the interstitial water.'!*.2>-2” Models applied to measured PAH concentra- 
tions, assumed to be in equilibrium among Great Lakes sediments, pore 
waters, overlying waters, and benthos, implied that a large fraction of the 
combustion PAH in oligochaetes and the amphipod Diporeia resulted from 
exposure to pore water and sediments. !?7° 

Pore-water samples were extracted from this core in an attempt to measure 
the PAH concentrations. Ambient measurements of trace organics in pore 
waters are rare since samples are relatively small, and low concentrations 
generally force analyses to near the detection limit. In this case, this was most 
apparent for BAP. Based on separate analyses of a large pore-water sample, 
split to approximately this size, we estimate our coefficient of variation to be 
100% for these four PAH. 

Overlying water concentration of BAP in Lake Erie is estimated as 0.3 ng/ 
L, and average pore-water concentration (Table 9.2) is 17 + 14 ng/L.738 In 
laboratory toxicokinetic studies, the pore-water contribution to bioaccumula- 
tion was modified by the presence of DOC, which reduced the bioavailability 
of HOC.” The uptake of the unassociated fraction of PAH in pore waters by 
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Diporeia was similar to the uptake from overlying water. Estimates of the 
fraction bound to DOC in these sediments can be made from laboratory 
measurements of the mean equilibrium distribution coefficient of BAP to 
DOC (K,) of 32,000 and the average DOC in this core (12.3 mg C/L).3!32 The 
result is that approximately 70% of the BAP in pore water is not associated 
with DOC and is thus potentially available to benthos. The balance of the two 
sediment source terms, ingested particles and respired interstitial water, 
remains in question, but the contribution of the interstitial water pathway is 
apparently large for compounds such as phenanthrene and pyrene and smaller, 
but still significant, for compounds such as 2,4,5,2’,4’,5’-hexachlorobi- 
phenyl.*? 

Pyrene concentrations in Lake Erie pore waters are shown in Figure 9.5 
along with the sediment values for the same intervals. The structure in the 
pore-water concentration profile is not different from a constant concentra- 
tion with this measurement error. Calculated mean equilibrium distribution 
coefficients (Table 9.2) are significantly (> 20 times) lower than values 
reported for ambient Great Lakes water samples,*? possibly a consequence of 
the mysterious particle concentration effect on K, observed in laboratory stud- 
ies.*4 These smaller distribution coefficients imply an elevated bioavailability 
of these compounds to benthic organisms. 


PAH Inventories/PAH Fluxes 


If we assume that there is little degradation of the combustion-based PAH 
within aquatic systems, we can compute and compare fluxes estimated from 
concentration profiles in radiometrically dated cores. In order to compare 
regional fluxes from these sediment calculations, we would need to correct for 
within-system sediment-focusing effects. Sediment focusing results in the lat- 
eral inhomogeneous distribution of sediment and constituent accumulation.®'® 
Maximum sediment accumulation is usually, but not always, coincident with 
maximum lake depths. Focusing factors are calculated as the inventory of a 
constituent in a core to its total areal load to the system. Radionuclides are 
excellent for this purpose since the inputs of !3’Cs and 2!°Pb are reasonably well 
known. The average values for Lake Ontario cores E-30 and G-32 are reported 
in Eisenreich et al.!° The sampling range for the Lake Erie box core does not 
cover a sufficient length of time to reach preindustrial background; thus, we 
cannot calculate an inventory of PAH. Lacking focusing factors, it is not 
possible to estimate whether the core-derived fluxes are representative of the 
entire lake system or region. 

In their analysis of PAH in cores from nine lakes, summarized into four 
regions, Furlong et al. report the post-1890 inventory of the sum of the four 
combustion PAH that we examined for Lake Ontario plus chrysene, tripheny- 
lene, benzo(e)pyrene, and benzo(ghi)perylene.!? These combustion PAH are 
well correlated with each other, a property of acommon source. In our experi- 
ence, these four extra compounds generally account for approximately 30% of 
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Figure 9.5. The depth profile of pyrene concentration in Lake Erie sediment (bars) and the 
pore-water concentration (filled-in rectangles) at each 2-cm increment. The 
pore-water values have been multiplied by 10,000 for scaling. Large errors in the 
analysis of these small pore-water samples render the structure meaningless, 
not different from a constant value of 28 ng/L. 
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the sum; we will use this approximation to reduce their calculated fluxes in 
order to compare the different cores. Tan and Heit report the postindustrial 
accumulation of the four PAH in the Adirondack sediments of Lakes Saga- 
more and Woods.!’ We compare the postindustrial inventories with those that 
we measured for Lake Ontario in Table 9.3. 

This comparison shows that the highly populated and industrialized Great 
Lakes has received more combustion PAH than has been measured in cores 
from areas with less local PAH production. As is evident from the inventories 
of the two Lake Ontario cores, the focusing correction is very important in 
estimating regional accumulations, and therefore the comparison among 
regions. Estimates of recent PAH fluxes are in the range reported by Gsch- 
wend and Hites, with Lake Ontario in the range of their high values.?2 


Deriving a Lower Great Lakes BAP Source Function 


In the following section, we use the measured down-core concentrations of 
BAP in the Lake Ontario sediments along with the radionuclide-determined 
mixing and accumulation values to reconstruct the load of BAP to the lakes. 
We then test this source function against the measured down-core concentra- 
tion of BAP in Lake Erie and some published atmospheric measurements. 

The sedimentary profiles of BAP for Lake Ontario E-30. and G-32 are 
redrawn in Figure 9.6a, after normalizing the concentrations in core’ G-32 by 
multiplying the measured concentration by the ratio of the inventories of BAP 
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Table 9.3. PAH Fluxes (ng/cm? year) and Postindustrial Inventories (ng/cm?) 


t Recent Focus-Corrected 
Location Flux Inventory Inventory 
Lake Ontario E-30 119 10450 8932 

Phenanthrene 26 1930 
Fluoranthene 31 3500 
Pyrene 24 2509 
BAP 38 2511 
Lake Ontario G-32 156 13978 8033 
Phenanthrene 28 © 2735 
Fluoranthene 50 4559 
Pyrene 41 3331 
BAP 37 3353 
Ontario average 96? 12214 8483 
Sagamore Lake 1150 
Woods Lake 1400 
Adirondacks 91 5040 
North of Great Lakes 12 546 
No. Florida Lakes 27 525 
No. New England Lakes 26 1190 


Recent flux average for Lake Ontario is focus corrected. 


in the two cores (1.34). The smoothed line, a least-squares Gaussian fit to the 
data (after a background BAP concentration of 36 ng/g was subtracted), was 
then used as the uncorrected source function for a simulation of BAP in a 
coupled lakes model optimized for '!3’Cs.*536 Since measured distribution coef- 
ficients for BAP and !3’Cs are similar (500,000 mL/g), the transport parame- 
ters used for '37Cs were not changed for this simulation. The inventory of 
sedimentary BAP calculated by the model was then divided into the focus- 
factor-corrected inventory of BAP (2100 ng/cm7?) measured in cores G-32 and 
E-30. This ratio was then used to correct the Gaussian source function, result- 
ing in our estimate of the total BAP source function for Lake Ontario (Figure 
9.6b). The calculation shows a peak input of approximately 2 ng/cm* month in 
1947, declining to an input of 1.45 ng/cm? month in 1981. The modeled 
cumulative inventory of BAP in Lake Ontario (Figure 9.6c) shows that over 
the period 1830-1981, approximately 2100 ng/cm? were stored in the sedi- 
ments, the equivalent of 400 ng/cm? have flowed out of the lake through the 
St. Lawrence River, and a small amount, approximately 30 ng/cm/”, is in the 
water column. This converts to a total concentration of approximately 4 ng/L 
in the water. 

We attempt to evaluate the validity of the Lake Ontario sediment-derived 
BAP source function by examining independent data from Lake Erie. There 
are two separate data sets that are available: (1) the BAP that we measured in 
the core from the eastern basin (Figure 9.4) and (2) BAP concentrations mea- 
sured locally in the atmosphere by the EPA from 1966 through 1979.3738 We 
convert the measured sediment concentrations in a similar manner to that used 
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Figure 9.6. (a) The depth profile of BAP in the Lake Ontario cores (filled-in circles), with the 
G-32 concentrations multiplied by 1.34, the ratio of the BAP inventories from 
1830 to 1981. The line is a least-squares fitted Gaussian used as input to the 
coupled lakes model. (b) The reconstructed BAP source function for the lower 
Great Lakes (see text for value). (c) The coupled lakes modeled cumulative 
distribution of BAP in Lake Ontario. The small region between the lines is the 
inventory in the water column. 
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for the Lake Ontario calculations. The mass accumulated in each 2-cm section 
of the Lake Erie core was multiplied by the BAP concentration to yield the 
uncorrected BAP flux. In order to compare this to the regional flux, it must be 
corrected for focusing. The '°’Cs focusing factor for this core is 6.3, meaning 
that 6.3 times as much !°’Cs is stored at this site than in the average lake 
sediment. Dividing the calculated BAP fluxes by this correction results in the 
flux values (filled-in rectangles) illustrated in Figure 9.7. The agreement with 
the solid line, which is the Lake Ontario sediment-derived source function, 
supports the idea of a generalized regional source for the lower lakes, without 
significant local sources to either lake. 

A second independent confirmation for this source function from the atmo- 
spheric measurements at Toledo, Ohio (on the western shore of Lake Erie) is 
also illustrated in Figure 9.7. The measured concentrations were converted to 
fluxes using the Pelletier-Whipple-Wedlick (PWW) model,” which relates 
monthly deposition rates to atmospheric concentrations. The model has been 
calibrated with measured atmospheric concentrations and deposition of radio- 
nuclides in the Great Lakes region.* 


deposition (ng/cm?/month) = 1.7 x atmos. conc. (ng/m?) 


The atmospheric BAP concentration at Toledo declined from a maximum of 2 
ng/m3 in 1967 to values around 1 by the early 1970s. Atmospheric BAP con- 
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Figure 9.7. Validating the lower Great Lakes BAP source function: the portion of our 
calculated source function for the time period covered by the independent Lake 
Erie sediment and atmospheric data (solid line), the BAP fluxes calculated from 
the 1983 Lake Erie box core concentration measurements (filled-in rectangles), 
and the fluxes calculated from the measured atmospheric concentrations of 
BAP in Toledo, Ohio (asterisks). 
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centrations of approximately 1 ng/m? are also reported by several investigators 
for the lower Great Lakes region for the 1970s.”-°*3 After 1972, the fluxes 
calculated from these data are in excellent agreement with the sediment- 
derived source function, supporting the magnitude of the source function and 
the underlying assumptions of rapid transfer from atmosphere to sediments 
with little decomposition. 

These relatively successful independent tests of the source function give us 
confidence that our approach has been valid. Our estimate of the BAP source 
function for the lower Great Lakes, as illustrated in Figure 9.6b, is 


BAP (ng/cm? month) = BAP, + BAP,,,, exp -(t - t,)?/20? 


where BAP, = 0.12 


BAP,,,x = 1.88 
tr = 1946 
Cee ee 


Since there are many major cities and industrial complexes on Lakes Erie and 
western Ontario, and the prevailing wind is from the southwest, the source for 
the upper (and upwind) Great Lakes may be somewhat different — presumably 
smaller. 

It is clear from the sedimentary profiles presented that the fluxes and resul- 
tant concentrations of combustion PAH are lower than peak values reached in 
the 1950s. However, this reduction of approximately 25% from the peak is 
much smaller than the three-to five-times reductions in chlorinated hydrocar- 
bons (CHC) in these same cores!° and reductions of PCB in fish, which have 
dropped by more than a factor of five since the early 1970s.** The lakes have 
responded rapidly and efficiently to the regulatory controls applied to the 
CHC; less stringent controls have been applied to combustion emissions, and 
the fluxes may again begin to increase with increased fossil energy usage. 
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CHAPTER 10 


Historical Deposition and Biogeochemical Fate of 
Polycyclic Aromatic Hydrocarbons in Sediments 
Near a Major Submarine Wastewater Outfall in 
Southern California 


Robert P. Eganhouse and Richard W. Gossett 


INTRODUCTION 


Over the last two decades a tremendous amount of research has been 
directed at understanding the environmental behavior and fate of polycyclic 
aromatic hydrocarbons (PAH), primarily because of their demonstrated carci- 
nogenicity and global distribution.':? PAH have been found in many estuarine 
and coastal environments,?~"° and it has repeatedly been shown that the highest 
concentrations in and fluxes to sediments typically occur in areas adjacent to 
urban centers.!-!4 The possible sources of PAH near such urbanized sites 
include atmospheric deposition,'’ surface runoff,'*'’ municipal waste efflu- 
ents,!*!9 industrial effluents,*”” spills and leakage during transport and pro- 
duction of fossil fuels,22 natural seepage,!°”4?5 and erosion of exposed 
shales2©27 and coal seams.?*-2° Whereas direct biosynthesis is generally believed 
to be insignificant, numerous PAH may be formed from biogenic precursors 
within relatively short periods of time (years to decades) during the early stages 
of diagenesis. Examples of the latter include retene, an alkylated phenanthrene 
derived from abietic acid;?3! perylene, a pentacyclic PAH whose diagenetic 
precursor(s) and pathway(s) remain controversial (see references in Venkate- 
san>2); and numerous tetra-and pentacyclic PAH derived from triterpenoidal 
precursors.?73-3 

One of the most consistent observations has been the similarity of PAH 
assemblages in many marine sediments from locations throughout the world.? 
The compositions indicate a dominantly pyrogenic (as opposed to uncom- 
busted fossil fuel) origin and are presumed to reflect the widespread dispersal 
of combustion-derived PAH in the atmosphere.*® Contributions of combus- 
tion PAH near urban centers are often augmented by inputs related to the use 
and disposal of fossil fuels. Offshore dispersal via currents is thought to be 
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restricted,?738 and many of the (lower-molecular-weight) PAH derived from 
uncombusted fossil fuels are relatively labile compared to those found in 
association with combustion particles.’3°*! This explains the dominance of 
combustion-derived PAH in offshore sediments and the mixed compositions 
sometimes found in heavily urbanized embayments and estuaries (e.g., Lake et 
al.’). Differences in the transport dynamics and susceptibility of individual 
PAH to biodegradation reflect variations in their physicochemical properties 
and phase associations, the latter of which may be established prior to intro- 
duction to the marine environment.!!:42-45 

The vertical distribution of PAH in well-preserved, age-dated sediment 
cores typically shows increasing concentrations in the post-1900 
period.!!.!2,44.46.47 This parallels the rapid onset of modern industrialization 
and increased use of fossil fuels in the northern hemisphere.*® Because simi- 
lar profiles have been reported for both lacustrine and marine environments 
from widely separated locales, the depositional records would appear to 
document historical anthropogenic inputs on a regional, if not global, scale. 
The major caveat to this statement is that regional variations in anthropo- 
genic activities related to fossil fuel consumption may cause minor differ- 
ences in the character (e.g., rate of change, occurrence of subsurface max- 
ima) of the downcore patterns.*? 

Published information on the composition and abundance of PAH in 
municipal wastewater effluents and the fate of these compounds in receiving 
waters is relatively limited.!*!95° This makes it difficult to evaluate the impor- 
tance of such discharges vis-a-vis other inputs of PAH to coastal and estuarine 
environments. This chapter extends previous studies!?*! aimed at describing 
the detailed organic chemical composition of municipal waste effluents in 
southern California. Here we present data on the composition and concentra- 
tion of PAH in one of these effluents, that discharged by the Los Angeles 
County Sanitation District (LACSD). Because the LACSD receives a signifi- 
cant contribution of industrial (especially petrochemical) waste to its influent, 
the emissions of petroleum hydrocarbons from this plant exceed those of any 
major treatment facility in the region.*? Our primary interest in investigating 
the LACSD effluent was to establish the origin of the PAH and estimate their 
rates of discharge to nearby coastal waters. Comparison of effluent PAH 
compositions with those of sediments deposited near the outfall system affords 
an opportunity to investigate the short-term fate of these compounds. In this 
context, we have also examined sections of a sediment core collected from the 
Palos Verdes Shelf during the LACSD’s coring program in 1981. Sediments 
from this core have previously been analyzed for elemental abundance, stable 
isotopic composition, molecular markers, and a variety of inorganic and chlo- 
rinated organic trace constituents.*?*4 Because the core is so well characterized, 
we felt it would provide an opportunity to estimate the accumulation rate of 
PAH at this site and to draw some conclusions regarding the origin(s) and 
postdepositional fate of PAH in this waste-impacted environment. 
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STUDY AREA 


Figure 10.1 shows the location of the LACSD outfall system and the sedi- 
ment coring (station 3C1). In 1979 the LACSD discharged approximately 
1.4.x 10° L/day of effluent, 100% of which received advanced primary treat- 
ment. The outflow of water, solids, oil and grease, and hydrocarbons from 
this facility accounted for 35, 41, 45, and 39%, respectively, of the combined 
emissions by the four major treatment plants in southern California at that 
time.°? Mass emission rates of total hydrocarbons, saturated hydrocarbons, 
and aromatic hydrocarbons were estimated at 8000, 4500, and 3500 metric 
tons/year. The final effluent is discharged from two outfalls, the termini of 
which are located below the thermocline at a water depth of 60 m. 

Sediments deposited on the shelf adjoining the Palos Verdes peninsula have 
for some time been heavily contaminated with DDT and a complex assemblage 
of trace inorganic and organic substances (see references in Eganhouse and 
Kaplan*?). Because the prevailing subsurface currents generally transport water 
and effluent particles along isobaths in a northwesterly direction, concentra- 
tion isopleths of these contaminants tend to be centered on the 60-m depth 
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Figure 10.1. Location of the LACSD outfall system, sediment sampling stations (3C1 and 
7C), and the Redondo oil seep. 
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contour and extend northward into Santa Monica Bay. The existence of the 
deep water outfall system since the early 1950s has resulted in the accumula- 
tion of more than 60 cm of organic-rich, effluent-derived material near the 
outfalls. We chose to investigate a site 6 km downcurrent from the outfalls 
because of the ability to collect material (by gravity coring) deposited before 
the onset of significant waste inputs. 


EXPERIMENTAL 
Sample Collection 


Twelve monthly flow-proportioned 24-hr composites of final effluent were 
collected from the LACSD treatment plant (Carson, CA) during 1979. Details 
of the procedures used in these collections can be found elsewhere.*? Samples 
were returned to the laboratory and processed as described below. Results 
presented here pertain to unfiltered effluent samples extracted directly with 
chloroform. 

Sediments were collected using a gravity corer during April 1981 as 
described by Eganhouse et al.*° Although the design and method of deploying 
the coring device were intended to minimize disruption of the sediment surface 
and avoid unnecessary compaction, it is probable that some portion of the 
flocculent surface layer was lost. The sediments were extruded while frozen, 
cut into 2-cm intervals, trimmed of the outer 2 cm, and stored in a freezer until 
analyses could be performed. 


Analyses 


Details of the procedures used to isolate hydrocarbons from effluent and 
sediment samples can be found elsewhere.*?5 Briefly, the effluents were 
extracted with chloroform; the sediments were extracted with a CH,Cl,-MeOH 
solution. These extracts were treated for removal of water and elemental sul- 
fur, after which they were analyzed gravimetrically for total extractable 
organic matter. Following esterification of fatty acids, an aliquot of the extract 
was applied to thin layers of silica gel for isolation of the total hydrocarbon 
fraction (THC). In some cases, total saturated hydrocarbon and total aromatic 
hydrocarbon (TAH) fractions were also separated by thin layer chromatogra- 
phy. Yields of these fractions were subsequently determined by 
microgravimetry. 

Aromatic hydrocarbon subfractions suitable for instrumental analysis were 
obtained from the THC fraction using adsorption chromatography on acti- 
vated silica gel as described in Anderson and Gossett.*° Recovery surrogates 
(12.5 ug/L of naphthalene-d,, acenaphthene-d,p, phenanthrene-d,,, chrysene- 
d,,, and perylene-d,, in hexane) were added to the column along with the THC 
fraction, and the PAH were collected (f,: hexane-benzene, 60:40) following 
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elution of a fraction corresponding to the saturated hydrocarbons (f,: hexane). 
Fraction 2 was concentrated under a stream of N, gas, amended with a mea- 
sured volume of the internal standard solution (anthracene-d,,)), and adjusted 
to a known volume by addition of hexane for subsequent instrumental 
analysis. 

Measurement of individual PAH concentrations was accomplished using a 
Hewlett-Packard 5970 MSD. A 30 mx0.25 mm i.d. capillary column coated 
with DB-5 (0.25-um film thickness) was used with splitless injection at 50°C. 
The column was temperature programmed to 275°C at 4°C/min with an iso- 
thermal hold at the upper temperature. Mass spectra were acquired by scan- 
ning from 50-400 amu/sec at an ionizing voltage of 70 eV. Peak identifications 
were based on relative retention times of authentic standards coupled with 
positive confirmation of the mass spectra. Quantitation of individual PAH 
was performed by comparison of the integrated peak areas of selected ions for 
each PAH using the internal standard method. In the case of alkylated homo- 
logues of naphthalene and phenanthrene/anthracene, the summed areas of 
individual homologue peaks were used for quantitation following mass spec- 
tral verification. With the exception of naphthalene-d,, recoveries generally 
exceeded 90%. Consequently, no correction of PAH concentrations has been 
made for recovery. Naphthalene recoveries averaged 73 and 43%, respectively, 
for effluent and sediment samples. Precision is estimated at +20%.* 


RESULTS AND DISCUSSION 
PAH in Wastewater Effluent 
Compositional Features 


Table 10.1 provides data on the concentrations of 19 parent PAH and 6 
alkylated homologue groups in the LACSD effluent. When summed, the PAH 
determined by gas chromatography-mass spectrometry comprise < 2% of the 
total hydrocarbons and <6% of the total aromatic hydrocarbons measured 
gravimetrically (following thin layer chromatographic separation).** High- 
resolution gas chromatography confirms that the TAH fraction consists 
largely of an unresolved complex mixture (UCM), with resolved PAH repre- 
senting, at most, a minor component of the total.!° The vast majority (> 90%) 
of the resolved PAH contain two or three rings, and naphthalene + (C,5) 
alkylated homologues make up 50-75% of the total (Table 10.1). Hoffman et 
al. report finding similar results for sewage effluents from Rhode Island.'’ The 
dominance of the PAH assemblage by di-and tricyclic species is consistent with 
the hypothesis that most of the hydrocarbons in these effluents are derived 
from petroleum,?:'? and not from the thermal alteration of organic matter. The 
LACSD treatment plant receives wastes from all but one of the petrochemical 
plants in the Los Angeles basin, and it is presumed that these inputs represent a 
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primary source of hydrocarbons and PAH to the plant. The major PAH 
having four or five rings are fluoranthene, pyrene (and alkylated homo- 
logues), and chrysene/triphenylene. Other compounds, including benzo[ghi]- 
perylene, were observed variably and generally at low concentrations (< 1 pg/ 
L), an exception being the benzopyrenes, which were found at concentrations 
exceeding 2 »g/L during the month of September. Notable for their absence, 
even in the September sample, are 9,10-diphenylanthracene and ben- 
zo[k]fluoranthene (see below). Analyses performed by the LACSD on effluent 
collected in 1987 indicate that some of these higher-molecular-weight PAH are 
consistently present in the effluent (e.g., benzo[a]pyrene, benzo[e]pyrene, ben- 
zofluoranthenes, and perylene).°’ However, the concentrations they deter- 
mined were typically at or below the detection limit of the methodology used 
here (ca. 0.05 ng/L; see Table 10.1). 

Figure 10.2 illustrates the alkyl homologue distributions (AHD) of the naph- 
thalene (C,H;,.:.), phenanthrene/anthracene (C,H), 3), dibenzothiophene 
(C,Hon-165), and fluoranthene/pyrene (C,,H,,-22) series for the September efflu- 
ent sample. The compositions depicted in this figure are representative of all of 
the samples with some minor exceptions discussed below. In all cases, the 
AHDs are dominated by the C,., homologues rather than the parent com- 
pounds. This agrees with findings of Barrick'* and further supports an uncom- 
busted fossil fuel origin for the majority of these compounds.*° The naphtha- 
lene series is either absent or in low abundance in combustion particles,** 
whereas the phenanthrene/anthracene series represents an overlap between the 
two sources. In contrast, the fluoranthene/pyrene series is typically found in 
small quantities in crude oil, while it often represents the most abundant PAH 
in soot, atmospheric particles, and marine sediments.!!.47.59- For this reason, 
Sportsgl et al. have suggested that the fluoranthene/pyrene series is a more 
definitive indicator of combustion vs fossil sources for the higher-molecular- 
weight PAH.” Based on the relatively low abundance of these tetracyclic 
compounds (F/P + C,_;-homologues, ca. 2% total PAH) in the effluent and 
the prevalence of their higher alkylated homologues, contributions of combus- 
tion products to the higher-molecular-weight PAH pool in these effluent 
samples would appear to be small. Similar conclusions were reached by Baird 
et al., who examined the LACSD effluent in 1987.°’ 

Close examination of the 2C,-phenanthrene:phenanthrene ratio, however, 
suggests that lower values are generally found for samples having higher rela- 
tive abundances of the 4- and 5-ring PAH (Table 10.1). In the case of the July 
and October samples, the ratios are less than 1.0. These particular samples also 
exhibit fluoranthene + pyrene concentrations that exceed 2% of total PAH 
and are only slightly less abundant than the higher alkylated homologues 
(Table 10.1). Although the effect is minor, these trends indicate that some 
combustion-derived PAH are present in the effluent and constitute a variable 
component of the higher-molecular-weight species. Unlike treatment systems 
such as the METRO in Seattle,'* the LACSD plant is largely decoupled from 
inputs due to surface runoff. Consequently, pyrogenic PAH are unlikely to 


ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


198 


‘uonejAyJe JO J@Ae| YOO JOJ JUIIND UO! JejNOBjoW peyesHejUI 
jO UoWeWUNS UO peseq aie SeoURpUNgY “661 ‘EL Jequiejdeg Ueye} ajdwes jUeNijje GSOV 10} Seles enBojowoy Aye (2-Y2 44D) 
auasAd/aueyjueionyy pure ‘(S9'-Y214"5) euaydoiyjozueqip ‘(8!-42,445) ausoesyjUue/suesyjUeUEYd ‘(2!~"21445) guayeyjydeu jo uoNNquIsiIq ‘“Z'OL eunBi4 


suoqiey [A¥[y Jo Jaquiny 


3 BVel, 2 e120 GrESTO 3 al. eee d SoVee wr 0 


an ld 





3 
= 6 
O, 
@ » 
i 
a 
O 
@ > 
2:0 ete 
@ S | DO 
oO. 
e © 8'0 5 
\ / ° : 
8 © & O'T 


Soe eh Op) Sete ecn oa Sole Serta y acl Mey 


FATE OF PAH IN SEDIMENTS IN SOUTHERN CALIFORNIA 199 


arise from contributions by surface runoff. This may also account for the lack 
of any discernable seasonal pattern in the PAH composition and/or concentra- 
tions. Products of high-temperature catalytic cracking or other industrial 
pyrolytic processes,*! on the other hand, might reasonably be expected to be 
entering the system. Other possible sources are the wastes generated by car 
washes, gasoline stations, and other vehicular service industries.® 

It is also interesting to note that the fluoranthene:pyrene ratio is, with one 
exception (sample taken December 1979), less than unity in all effluent 
samples (mean + lo = 0.40 + 0.27). In 1987, Baird et al. reported similar 
ratios for the LACSD effluent (mean + lo = 0.65 + 0.49).°” The fluoran- 
thene:pyrene ratio is almost universally near or greater than one in combustion 
particles, atmospheric aerosols, and sediments contaminated by pyrogenic 
sources. !:2+!114,15,22,34,37,38.48 In contrast, crude oils and refined petroleum prod- 
ucts typically show ratios less than 1.0.'!4 This again signals a dominantly 
petroleum origin for the high-molecular-weight PAH in the effluent. Compa- 
rable data for municipal wastewater effluents were reported by Grzybowski et 
al., who found fluoranthene and pyrene concentrations within ranges of 
0.5-5.0 and 11.0-27.0 pg/L, respectively.© 


Estimation of Mass Emission Rates 


Table 10.2 presents a summary of the mass emission rates of the individual 
and XPAH from the LACSD plant for the year 1979. These data were devel- 
oped by applying the concentrations determined for each monthly sample to 
the flow for that date. The daily mass emissions were then multiplied by the 
number of days in each month, and the monthly estimates were summed to 
produce an annual figure. Also provided are estimates reported by Barrick for 
the Seattle METRO treatment plant during the period 1977-1979.'8 With the 
exception of phenanthrene, these data represent particulate concentrations. 
The particulate-based data are comparable with those reported here (i.e., total 
concentrations) because the vast majority of the higher-molecular-weight PAH 
in municipal wastes and urban runoff are associated with filterable (0.45-1.2 
pm) particulate matter.'”°’ 

If one computes the ratio of annual mass emissions of individual PAH for 
the LACSD and METRO effluents, it is apparent that the LACSD discharge 
rate greatly exceeds that of the METRO (LACSD/METRO: range, 8-50; 
mean, 33.4). Normalization of mass emissions to the population served 
reduces the difference to factors ranging from 1.0 to 6.4 (mean; acsp/metro = 
4.3). By comparison, the average ratio (of daily per capita mass emissions) for 
total hydrocarbons is 5.9/3.12 = 1.89.'852 Thus, the LACSD effluent would 
appear to have been discharging significantly greater amounts of hydrocar- 
bons and, especially, PAH to coastal waters of the southern California Bight 
during 1979 than the METRO plant was to Puget Sound. This probably 
reflects the large petrochemical input to the former. Recent work by Baird et 
al. has revealed significantly lower concentrations of PAH in the LACSD 
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Table 10.2. Mass Emission Rates (metric tons/year) of Individual PAH from the LACSD 
and Seattle METRO Wastewater Treatment Plants 


Per capita MER 


MER(mta) (mg/cap day) 
Compound? LACSD> METRO‘ LACSD METRO 
Naph 3.99 2.99 
£C,-Naph 11.9 8.94 
2C,-Naph 19.7 14.8 
£C,-Naph 33.8 25.4 
Biphenyl 1.91 1.44 
Aceny 0.13 0.10 
Acenaph 0.43 0.32 
Fluorene 1.30 0.98 
Phen 7.00 0.18 5.26 0.9 
XC,-Phen/A 11.0 0.22 8.24 1.2 
ZC,p-Phen/A 11.9 0.25 8.94 1.4 
£C3-Phen/A 4.92 3.70 
Anthracene 0.45 0.34 
Fluoran 0.55 0.067 0.41 0.4 
Pyrene 1.40 1.05 
B[aJAnthr 0.94 0.014 0.36 0.08 
Chrys/Tri 0.48 0.028 0.78 0.2 
B[b]Fluoran 0.11 0.08 
Bie]Pyrene 0.22 0.013 0.17 0.07 
B[a]Pyrene 0.17 0.12 
Perylene 0.03 0.02 
DB[ah]Anthr 0.01 0.01 
B[ghi]Peryl 0.03 0.02 
=PAH4 110.5 83.0 


Compound names given in Table 10.1. 

>This study. Effluent samples collected 1979. 

“Data from Barrick'® for effluent collected 1977-1979. 
4PAH = summation of individual PAH excluding biphenyl. 


effluent (Table 10.1).°’ With the exception of naphthalene, individual PAH 
and associated alkylated homologue groups appear to have been present in 
lower concentrations in 1987 than they were in 1979 by more than an order of 
magnitude. This is probably due to a combination of industrial source control 
and improvements in treatment. Between 1979 and 1987, the fraction of efflu- 
ent that received full secondary treatment at the LACSD changed from 0 to 
54%. However, it is more likely that the reduction in PAH emissions during 
this period was achieved by aggressive source control measures, as evidenced 
by the nearly parallel decreasing trends in influent and effluent oil and grease 
mass inputs starting in the late 1970s.% 


PAH in Sediments 
PAH Composition and Sources 


Table 10.3 summarizes the PAH composition of surficial (0-2 cm) sediments 
collected from station 3C1 (see Figure 10.1) on the Palos Verdes Shelf. Data 
are also provided from two investigations in which surficial sediments were 
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Table 10.3. PAH Concentrations (ng/dry g) in Sediments of the Palos Verdes Shelf 


This study” Swartz et al.®® Anderson and Gossett®® 

Compound? (3C1; 1981) (7C; 1980) (7C; 1986) 
Naph — 29 87 
©C,-Naph — NR? 104 
ZCz-Naph — NR 415 
xC3-Naph _ NR 462 
Biphenyl — NR 22 
Aceny — 160 57 
Acenaph — NR _— 
Fluorene _— NR 16 
Phen — 290 197 
xC,-Phen/A — NR 773 
LCz-Phen/A — NR 1193 
ZC 3-Phen/A — NR 701 
Anthracene _ 623 Be 
Fluoran dl 294 157 
Pyrene 127 838 401 
B[a]Anthr 36 1330 166 
Chrys/Tri 88 606 274 
B[b]Fluoran 207 633 746 
Bie]Pyrene 2d, NR 317 
B[a]Pyrene 212 NR 323 
Perylene 105 NR 353 
9,10-DPA NR 4 
DB[a,h]Anthr 38 NR NR 
B[ghi]Pery! 205 NR 217 
ZPAH 1252 7037 


aCompound names given in Table 10.1. 
bData are for 0-2 cm section. 

°Below detection limit. 

dNot reported. 


analyzed for PAH at station 7C, in close proximity to the outfall termini (see 
Figure 10.1).°°% 

In the case of the 3C1 sediments, di-and tricyclic PAH were not detected in 
the 0-2 cm section, and SPAH concentrations were 1.25 pg/dry g. By compar- 
ison, significant amounts of di-and tricyclic PAH were found in sediments 
collected at station 7C, and the concentration of LPAH in these sediments is 
more than a factor of five greater (7.04 pg/g). These differences probably 
reflect variations in sediment accumulation rates of waste-derived particles at 
the two sites (see below and Kettenring®’). Deeper sections of the 3C1 core were 
found to contain small, but measurable, quantities of phenanthrene, anthra- 
cene, and their alkylated homologues. However, the lower-molecular-weight 
species (e.g., naphthalene, biphenyl, etc.) were generally below detection 
limits. 

Gas chromatograms of the f, fractions of all core sections reveal an unre- 
solved complex mixture similar to that reported by Venkatesan et al. for 
sediments from San Pedro Basin.'° The resolved PAH represent only a small 
fraction of the total aromatics isolated in the f, fraction. Examination of the 
AHDs for the fluoranthene/pyrene series in the 3C1 sediments (Figure 10.3) 
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Figure 10.3. Distribution of fluoranthene/pyrene alkyl homologue series for sediment 
sections from core 3C1. Abundances are based on summation of integrated 
molecular ion current for each level of alkylation. 


typically show increasing amounts of higher alkylated homologues up to at 
least the C,-substituted species, indicating a petroleum origin. Similar trends 
have been reported by Venkatesan et al. for surface (0-5 mm) sediments from 
the San Pedro Basin floor.3* Moreover, the F/P ratios in the 3C1 sediments 
range from 0.13 to 0.75 (mean + lo = 0.42 + 0.22) and are essentially 
indistinguishable from ratios reported in Table 10.1 for the LACSD effluent 
(mean + lo = 0.40 + 0.27). Because of the occurrence of submarine oil 
seepage in this region, however, the PAH in these sediments probably 
originate from a combination of petroleum residues discharged from the 
LACSD outfall system and natural oil seepage. Similarities between the distri- 
bution of higher-molecular-weight PAH found in the effluent and near-surface 
sediments at 3C1 (Figure 10.4) are suggestive of a linkage between the waste 
discharge and the sedimentary PAH. 

Recent work by Eganhouse and Kaplan has shown that the vast majority 
(85-100%) of the hydrocarbons found in the upper 24 cm of this core are 
derived from municipal effluent.*? These authors found correlations between 
the vertical distribution of specific molecular markers of the LACSD effluent 
(e.g., linear alkylbenzenes, DDT) and oil seepage (17a(H),18a(H),218(H)- 
28,30-bisnorhopane) and the historical discharge of wastes from the LACSD 
treatment plant. Some of these results are summarized in Figure 10.5;-where 
vertical concentration profiles of CPAH, total hydrocarbons, and the 
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sediments (2—4 cm) from station 3C1, and a sample of the Redondo oil seep. 


Figure 10.4. Composition of PAH in LACSD final effluent (September 1979), near-surface 
For compound names see Table 10.1. 
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Figure 10.5. Vertical concentration profiles of total PAH and total hydrocarbons and the 
17a(H),18a(H),218(H)-28,30-bisnorhopane:hopane ratio in the 3C1 core. 


FATE OF PAH IN SEDIMENTS IN SOUTHERN CALIFORNIA 205 


17a(H), 18a(H),218(H)-28,30-bisnorhopane:hopane ratios are provided. The 
bisnorhopane (C,,*) is a pentacyclic triterpane found abundantly in the Monte- 
rey shale and California oils (see references in Simoneit and Kaplan®) but only 
in trace quantities in the LACSD effluent.'?*? Because of the restricted occur- 
rence of this compound in other (non-California) oils and its pervasive distri- 
bution in sediments in this region, the bisnorhopane has been proposed as a 
unique molecular indicator of natural seepage in the southern California 
Bight. Hopane, on the other hand, is an ubiquitous constituent of fossil 
organic matter and is used here as a normalizing factor to distinguish between 
the effluent (C,,*:hopane ratio < 0.09) and seepage oil (C,,*:hopane ratio > 
L.0).23 

In this figure, the concentration of total hydrocarbons exhibits a distinct 
maximum at a subbottom depth of 6-8 cm, declines rapidly at greater depth, 
and reaches apparent background levels at ca. 24 cm. The subsurface maxi- 
mum has been assigned a tentative date of ca. 1971 because this corresponds to 
the year of maximum solids emissions from the LACSD,® whereas the 22-24 
cm horizon is believed to correspond to ca. 1950, a period when waste dis- 
charges to the shelf began to become important.***.’° Other effluent-derived 
contaminants show subsurface maxima at the same depth in these sedi- 
ments,**5* and Eganhouse and Kaplan have demonstrated strong correlations 
among concentrations of organic carbon, organic nitrogen, extractable organ- 
ics, and THC.® Together, these results support the hypothesis that the sedi- 
ment profiles record the history of waste emissions to the Palos Verdes Shelf. 
By comparison, the ZPAH concentration appears to increase irregularly 
downcore to ca. the 16-18 cm section. Thereafter, concentrations decline with 
increasing depth until near-background levels are reached, again at ca. 24 cm. 
The elevated XPAH concentrations in the upper 24 cm of this core approxi- 
mate the trends for total hydrocarbons and organic carbon, indicating that 
these related organic compound groups probably originate from the same 
source. However, a well-defined subsurface maximum is not apparent for the 
PAH, and the highest concentration is found at a greater subbottom depth 
than the THC maximum. Assuming these discrepancies cannot be ascribed to 
diagenetic effects, the patterns suggest that historical changes in the emissions 
of solids from the LACSD plant alone did not control the accumulation rates 
of PAH in these sediments. The trend for the C,,*:hopane ratio (Figure 10.5) is 
essentially the reverse of that exhibited by the PAH and THC, with highest 
ratios (i.e., greatest seepage inputs) found within the 34-36 cm section. This is 
consistent with the hypothesis that the input of wastewater hydrocarbons (and, 
therefore, the PAH) has dominated contributions made by natural seepage 
over the time period represented by the upper 34 cm of this core.™ 

Figure 10.4 shows PAH distributions for the LACSD effluent (September 
1979), the 2-4 cm section of core 3C1, and a sample of the Redondo oil seep” 
(for sampling locations see Figure 10.1). Differences between the seep and 
effluent PAH distributions include 
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1. the absence of benzo[k]fluoranthene and 9,10-diphenylanthracene in the 
effluent (see Table 10.1) 

2. the absence of dibenz[a,hJanthracene from the seep material 

3. the greater relative abundance of perylene in the seep oil 


Examination of the PAH distribution in the core sediments indicates that both 
benzo[k]fluoranthene and 9,10-diphenylanthracene were undetected, dibenz- 
[a,hJanthracene is present in approximately the same amount (relative to ben- 
zo[ghi]perylene) as found in the effluent sample, and perylene is less abundant 
than the benzopyrenes, unlike the seep oil. These relations strongly suggest 
that the PAH in near-surface sediments at 3C1 are dominated by waste, not 
seepage, inputs. The same patterns are found throughout the core with one 
exception: the abundance of perylene relative to the benzopyrenes is somewhat 
variable. 


Short-Term Biogeochemical Fate of Waste-Derived PAH 


The behavior and fate of PAH in aquatic environments may depend upon 
the phases with which these compounds become associated during forma- 
tion.**3 For example, it has recently been suggested that PAH present in 
combustion particles may be occluded within the ash or soot matrix and 
thereby be prevented from release to surrounding waters.’ This is thought to 
account for the extreme uniformity of PAH composition in a sediment core 
collected in the Tamar Estuary.“ Oil-derived PAH, on the other hand, are 
expected to be largely adsorbed to surfaces of particles or present as agglomer- 
ations, where they are more readily available for release and metabolism. 
Based on the earlier discussions, it is clear that the PAH associated with the 
LACSD effluent particles (including the 4-to 6-ring compounds) are largely 
petroleum derived. It is, therefore, likely that these PAH would be subject to 
exchange during and after sedimentation. 

Comparison of data provided in Tables 10.1 and 10.3 indicates that virtually 
all of the 2-and 3-ring PAH which dominate effluent compositions are absent 
in surficial sediments at station 3C1. These compounds are sufficiently soluble 
in water so that a significant portion would be expected to be present in the 
dissolved phase of the effluent. This expectation is, in fact, met.57 However, 
the absence of 2-and 3-ring PAH in the sediments indicates that the particle- 
bound fraction of these compounds is effectively removed prior to incorpora- 
tion of waste particles into the sediments at station 3C1. The higher-molecular- 
weight PAH (four to six rings) have very low solubilities in water and strongly 
sorb to particulate matter.% Not surprisingly, they are found entirely in the 
filterable particulate phase (i.e., < ~0.5 um) of the effluent,>” and they are 
the dominant PAH in the sediments. 

One means of estimating the magnitude of PAH removal during sedimenta- 
tion is by comparing the particulate organic carbon normalized concentrations 
of PAH in the effluent and in surficial sediments. Because of the difficulty of 
detecting all of the 4- to 6-ring PAH in many of the effluent samples, we have 
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Table 10.4. Organic Carbon Normalized PAH Concentrations (ug/g OC) in LACSD Effluent 
(9/13/79) and Near-Surface Sediments (2—4 cm) from Core 3C1 


Compound? Effluent Sediments % PAH Lost” 
Fluoran 13.8 1.55 88.8 
Pyrene 54.8 5.25 90.4 
B[aJAnthr 37.8 1.95 94.8 
Chrys/Tri 95.7 3.74 96.1 
B[b]Fluoran 19.6 5.79 71.4 
B[e]Pyrene 26.9 5.06 81.2 
B[a]Pyrene 24.5 5.22 78.7 
Perylene 7.3 are 3.15 56.8 
DB[a,hJAnthr 3.2 1.5 53.0 
B[ghi]Pery! 73 4.37 40.2 


ZX PAH 3459 42.0 98.8 


&Compound names given in Table 10.1. 
>%PAH lost is calculated as {1—[Conc..o4/Conc. ofi]} x 100. 


selected the September 1979 sample (which exhibited the highest concentra- 
tions of high-molecular-weight PAH) for purposes of comparison. As noted 
earlier, these compounds are entirely associated with filterable particulate mat- 
ter. Thus, it is reasonable to compute POC-normalized concentrations for the 
effluent sample. The organic carbon normalized concentrations for each com- 
pound (sediments) exhibited no discernible trend with depth, and given the 
time period over which the sediments in this core were presumably deposited, 
the variation was surprisingly low. One exception is that the concentrations of 
all compounds tended to maximize at a depth of 16-18 cm. As noted earlier, 
this may correspond to a period of intense PAH input to the LACSD plant. 

When one compares the PAH concentrations in the 2-4 cm sediment section 
with those obtained for the September effluent sample (Table 10.4) and then 
computes the difference as a percentage, apparent “losses” of 40-96% are 
obtained for individual PAH. This computation assumes that the organic 
carbon is refractory, which is clearly not the case. Investigating the short-term 
decomposition of LACSD effluent particles in coastal waters, Myers found 
organic carbon concentration to decrease by approximately 25% within a 
period of approximately 1 week.” If such a correction is applied to the present 
data to account for loss of particulate organic carbon, one finds that the 
apparent losses range from 47 to 112%. Given the uncertainties associated 
with use of the September effluent sample and Myers’ estimates for the decom- 
position of organic carbon, the corrected losses fall within an acceptable 
range. More importantly, however, the magnitude of the lost fraction appears 
to be inversely related to the log solubility of the compound (Figure 10.6). The 
data depicted in this figure suggest that PAH having solubilities lower than 
approximately 10-7 moles/L are lost during the earliest stages of 
sedimentation. 

A similar exercise can be performed using the total hydrocarbon concentra- 
tion as normalizing factor (Table 10.5 and Figure 10.6). In this case, one must 
assume that the character of the hydrocarbons discharged by the LACSD 
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Figure 10.6. Percent PAH lost during early sedimentation vs log molar solubility of 4-, 5-, and 
6-ring PAH in sediments of core 3C1. 


through time has not changed significantly. Judging from the uniformity of 
the high-resolution gas chromatographic profiles of the total hydrocarbon 
fractions of effluent samples taken over a 12-month period!? and from sedi- 
ments throughout the 3C1 core,*? this assumption seems tenable. The esti- 
mated fraction of “lost” PAH ranges from 21 to 95%. Agreement between 
estimates based on OC-normalized and THC-normalized concentrations is 
quite good for the more soluble compounds. In the extreme case of benzo[ghil]- 
perylene, differences in estimates of the lost fraction fall within a factor of 1.9. 


Table 10.5. Total Hydrocarbon Normalized PAH Concentrations (mg/g THC) in LACSD 
Effluent (9/13/79) and Near-Surface Sediments (2-4 cm) from Core 3C1 


Compound? Effluent Sediments % PAH Lost 
Fluoran 76.5 ales) 85.3 
Pyrene 303 38.1 87.4 
B[a]Anthr 209 14.2 93.2 
Chrys/Tri 530 27.2 94.9 
B[b]Fluoran 108 42.0 61.2 
B[e]Pyrene 149 36.7 75.4 
B[a]Pyrene 136 37.9 72.1 
Perylene 40.3 22.9 43.2 
DB{a,hJAnthr 7am 10.9 38.3 
B[ghi]Peryl 40.4 31.7 21.5 


XPAH 19300 304.6 98.4 


Compound names given in Table 10.1. 
% PAH lost is calculated as {1-[Conc:geq/Conc.gi]} x 100. 
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The discrepancy may indicate a greater relative lability of the hydrocarbons 
(compared with total organic carbon). Although the magnitude of the “lost 
fraction” of the high-molecular-weight PAH remains uncertain, it is systemati- 
cally related to the solubility of the individual PAH. Examination of Figures 
10.2 and 10.3 shows that the fluoranthene/pyrene AHDs of effluent and 
sediments are different. The effluent exhibits a maximum at the C,-alkyl 
homologue, whereas the sediment AHD more typically shows a monotonic 
increase in abundance with degree of alkylation.** Because the log solubilities 
of PAH within a homology decrease linearly with increasing molar volume,’! 
this difference is another manifestation of solubility-controlled removal. 

Several processes may be responsible for the compositional changes that 
take place between the time of discharge and the accumulation of effluent- 
derived PAH in bottom sediments. The most important of these are desorption 
and biological degradation. Photochemical oxidation is unlikely to be signifi- 
cant because the wastewater effluent is discharged below the thermocline, and 
except under unusual circumstances during nonstratified conditions, effluent 
particles do not enter the photic zone. Numerous studies of the desorption 
kinetics of hydrophobic organic compounds have demonstrated that sorbate 
release occurs in two phases: (1) a rapid desorption step in which 25-60% of 
the sorbate is released within minutes to hours and (2) slow desorption of the 
remainder over a time scale of days to months.’2-75 Once discharged, the efflu- 
ent experiences rapid dilution with seawater in the range of 100:1 to 300:1. 
Consequently, rapid desorption of the PAH from effluent particles during 
initial dilution could account for release of as much as 25-60% of the PAH. 
The fact that virtually all of the 2- and 3-ring PAH in the effluent are absent 
from sediments heavily impacted by the discharge indicates that if desorption 
were the only process involved during sedimentation of effluent particles, it 
must have taken place over time scales in excess of hours. This is consistent 
with estimates of the average time that effluent particles require to reach the 
bottom on this part of the shelf (days) and the likelihood that once deposited, 
most of the particles experience repeated resuspension and redeposition prior 
to incorporation into the permanent sediments. In effect, this would act to 
increase their residence time in the water column. 

Karickhoff”? and Karickhoff and Morris? presented a sorption kinetics 
model consisting of “labile” and “nonlabile” compartments that simulated the 
results of laboratory desorption experiments. They showed that the slow 
desorption step could be characterized by a rate constant, k,, that was 
inversely related to the equilibrium partition coefficient, K,, of a given hydro- 
phobic organic substance. Rate constants ranging from 0.49 hr-! (naphthalene) 
to 0.031 hr-! (pyrene) were reported. Similar results were obtained by Wu and 
Gschwend, who developed a radial diffusion model to simulate sorption- 
desorption kinetics.” In the latter case, experimental data could be fitted using 
a single effective diffusivity parameter, Der, which again was inversely related 
with K,. The common conceptual feature of these two models is the require- 
ment that desorption (and adsorption) rates are limited by diffusive processes 
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occurring within particle pores, the sorbent matrix, and/or intraaggregate 
pore spaces. Regardless which mechanism(s) or matrix is most important, the 
experimental data suggest that the more hydrophobic (i.e., less soluble) PAH 
should desorb more slowly from particles. Thus, desorption kinetics could 
explain the trend of increasing PAH loss with increasing solubility (Figure 
10.6). 

At the same time, numerous microcosm studies have demonstrated that the 
rate at which PAH are degraded by microorganisms in the water column and 
sediments increases with decreasing molecular size (i.e., increasing solubil- 
ity).39-41,7677 Within the water column, higher-molecular-weight PAH are par- 
ticularly susceptible to photodegradation,””® whereas the lower-molecular- 
weight species (e.g., naphthalene, phenanthrene, anthracene) are removed 
primarily by evaporation and microbial degradation. Hinga et al. reported 
little biodegradation of benz[aJanthracene within the water column of a 
marine mesocosm.” Rather, metabolism was found to occur in surface (0-1 
cm) sediments; degradation was apparently slowed in deeper anoxic layers. 
Herbes was unable to establish degradation of 4- and 5-ring PAH (i.e., ben- 
zo[a]pyrene and dibenz[a,hJanthracene) in incubated sediments taken down- 
stream of a coal-coking plant, whereas 2- and 3-ring compounds showed mea- 
surable degradation in both water and sediment compartments.?? Gardner et 
al. also noted that the rate of PAH removal in sediments decreases with 
increasing molecular weight and reduced oxygen availability.® This effect of 
redox conditions has been confirmed by others.*! Together these results sug- 
gest that the lower-molecular-weight species are probably rapidly removed 
during sedimentation by a combination of desorption and biodegradation. 
Transport times for effluent particles through the water column are expected 
to be on the order of days. Judging from the results of previous microcosm 
experiments (which were conducted on similar time scales), the residence time 
of effluent particles in the water column is probably insufficient to bring about 
the complete physical: release of the high-molecular-weight PAH. Conse- 
quently, the partial losses of 4-, 5-, and 6-ring PAH largely occur after initial 
deposition during the period when the particles reside within the oxidizing 
layer of the surface sediments. 


Postdepositional Alteration 


The foregoing discussion points to differential rates of removal for the 
higher-molecular-weight PAH within the surface layers of the sediments on the 
Palos Verdes Shelf. If kinetically controlled removal (i.e:, coupled desorption 
and metabolism) of 4-, 5-, and 6-ring PAH were to continue following incor- 
poration and burial of effluent particles, one would expect to see systematic 
changes in PAH composition with increasing subbottom depth. This assumes, 
of course, that the quality of the source PAH has not changed significantly 
with time. Such systematic changes over time have been reported for lower- 
molecular-weight species (i.e., naphthalenes and phenanthrenes) introduced to 
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intertidal sediments during a fuel oil spill?? and in microcosm studies.’” How- 
ever, Readman et al. observed uniform higher-molecular-weight PAH compo- 
sitions throughout a 50-cm core from the Tamar Estuary.” In the latter case, 
the lack of compositional variation with depth was attributed to the occlusion 
of (predominantly) pyrogenic PAH in the source particles. Examination of 
downcore variations in PAH composition at station 3C1 should reveal whether 
kinetically controlled removal continues after burial. 

Table 10.6 presents a Pearson correlation matrix for sediment concentra- 
tions of ten 4-, 5-, and 6-ring PAH in the 3C1 core. All correlations are 
significant (p < 0.001). High correlation coefficients are found for many 
pairs. However, the best coefficients were generally obtained when both PAH 
were present in higher concentrations, presumably the result of improved 
analytical precision. In general, these correlations suggest that kinetically con- 
trolled, compound-specific removal of these higher-molecular-weight PAH is 
not occurring during burial. This is nicely illustrated in Figure 10.7. which 
shows a scatterplot of pyrene vs benzo[ghi]perylene. As discussed earlier 
(Tables 10.4 and 10.5, Figure 10.6), these two compounds represent extremes 
with respect to apparent PAH removal rates during the earliest stages of sedi- 
mentation. Nevertheless, the relative abundances of these PAH are maintained 
throughout the core. Although no data are available on the variation of redox 
conditions with subbottom depth at 3C1, it is known that the presence of 
hydrogen sulfide in surface sediments has varied in response to wastewater 
solids emissions and advances by the echiuran Listriolobus pelodes.* Because 
of the high depositional flux of labile organic matter at this site, it is presumed 
that the sediments are anoxic only a short distance below the sediment-water 
interface. Under these conditions, the resistance of all PAH to biodegradation 
would be enhanced.7?"*! 

In contrast to the findings of Readman et al. for sedimentary PAH in the 
Tamar Estuary,“ the PAH in these sediments are derived primarily from 
uncombusted petroleum. Consequently, the compositional uniformity of the 
PAH cannot be attributed to occlusion within combustion particles. Exchange 
of the high-molecular-weight PAH between pore waters and the overlying 
water column (or deeper in the core) by molecular diffusion and/or transport 
in association with pore-water colloids is limited by the hydrophobicity of 
these compounds and the lack of significant pore-water advection at depth.® 
Thus, the virtual cessation of PAH degradation, presumably in response to the 
onset of reducing conditions within the sediment, is the most plausible expla- 
nation for the uniformity of PAH composition in these sediments. 


Historical Accumulation Rates of PAH 


Using tentative assignments for the ages of different depths of this core, 
one can calculate average accumulation rates of total and individual PAH on 
the Palos Verdes Shelf. Table 10.7 presents estimates based on such calcula- 
tions. Although approximate, these estimates show that the average accumula- 
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Figure 10.7. Scatter diagram of pyrene vs benzo[ghi]perylene concentration in sediments of 
core 3C1. Line and equation represent results of linear regression analysis. 


tion rates of individual and total PAH after ca. 1950 are an order of magnitude 
greater than those for the pre-1950 period. Moreover, the average accumula- 
tion rates appear not to have changed significantly during the three decades 
subsequent to 1950. The rates determined for deep sections of the core (i.e., 
> 24 cm) are similar to those reported by Gschwend and Hites!! for sediments 
near urban centers such as Boston Harbor and Buzzards Bay, MA, and by 
Barrick!® for a site within Central Puget Sound near the Seattle METRO 
wastewater outfall (Table 10.7). They are, however, at least an order of magni- 
tude higher than those found at remote locations where sedimentary fluxes are 
dominated by atmospheric deposition.'!'> This suggests that even the deeper 
sections of the 3C1 core, predating 1950, may have been heavily influenced by 
local inputs of fossil PAH, with direct atmospheric deposition playing only a 
minor role. 


CONCLUSIONS 


The LACSD treats and discharges wastes originating from a multitude of 
domestic and industrial sources. To the extent that it receives an unusually 
large proportion of petrochemical wastes and little surface runoff, it may be 
considered an uncommon municipal treatment plant. These factors undoubt- 
edly influence the composition and quantity of PAH in its effluent. We esti- 
mate that as of 1979 the LACSD discharged approximately 110 metric tons 
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PAH/year. Present indications suggest that the LACSD may have reduced 
emissions of PAH to the ocean by more than an order of magnitude during the 
period 1979-1987, mostly as a result of source control. This reinforces the 
effectiveness of source control measures (as opposed to treatment upgrades) in 
large centralized urban treatment systems. 

The vast majority of the PAH in the LACSD effluent are of petroleum 
origin and consist of lower-molecular-weight species (2-and 3-ring PAH) and 
their alkylated homologues. Upon discharge to the ocean, these compounds 
are apparently rapidly removed such that little, if any, evidence of them are 
found in heavily contaminated surficial sediments 6 km downcurrent from the 
outfall system. The effluent particles are probably buried too rapidly for 
complete release/removal of the higher-molecular-weight PAH (4-, 5-, and 6- 
ring compounds). Nevertheless, a fraction of these compounds appears to be 
lost prior to incorporation into the permanent sediments. The extent of 
removal is directly related to (the logarithm of) their aqueous solubility. Thus, 
the 6-ring PAH tend to survive better than the 4-and 5-ring PAH. It is unclear 
whether these changes are brought about by simple physical release (desorp- 
tion), microbial degradation processes or both. However, once incorporated 
into the sediments, the composition of the high-molecular-weight PAH does 
not change with time. Either they are metabolized at identical rates or not 
metabolized at all. Evidence from other microcosm studies suggests that under 
the reducing conditions that prevail below the sediment-water interface at this 
site, the latter hypothesis is more likely. Because the PAH in these sediments 
are of petroleum (rather than combustion) origin, physical occlusion (as pro- 
posed for pyrogenic PAH) should not be regarded as a unique prerequisite for 
preservation in the sedimentary column. 
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CHAPTER 11 


The Distribution of PCBs in Surface Sediments of 
Narragansett Bay, Rhode Island 


James S. Latimer, Lawrence A. LeBlanc, John T. Ellis, and James G. Quinn 


INTRODUCTION 
Particle-Associated Pollutant Transport Processes 


Sediments are an important sink for many pollutants in the marine environ- 
ment. Present-day sediments are derived from the erosion of materials in the 
watersheds and washed through the rivers and estuaries. In addition to the 
natural weathering of continental rock, the activities of humans have added to 
the loads contained in rivers. The suspended solids that are transported in the 
rivers are not, in many cases, simply mineral particles, but are particles that 
have been coated with the breakdown products of natural organics, commonly 
known as humic materials.! This organic coating is very effective at adsorbing 
or partitioning anthropogenic contaminants such as polychlorinated biphenyls 
(PCBs) and other thermodynamically stable hydrophobic organic compounds 
(HOCs).? The concentrations of these contaminants on the particles are depen- 
dent upon the nature of the particle itself (for example, the organic carbon 
content [humic material coating], size, and mineral type) and the chemical 
nature of the sorbed compound (for example, its octanol-water partition coef- 
ficient). In Narragansett Bay, PCBs have been observed, primarily, in the 
particulate fraction of water samples, although they have been found in the 
soluble phase of some tributary samples.’ 

Primary productivity and the consequent secondary productivity (i.e., both 
living and dead material) add to the suspended matter derived from sediment 
erosion and from the activities of humans. With the sun as the source of 
energy, phytoplankton, using the dissolved inorganic carbon and dissolved 
nutrients in the water, periodically build up large concentrations of organic 
particulates. Subsequently, zooplankton populations increase, thus forming 
the first layer of the food web. The rapid increase in biomass may alter the 
balance of a hydrophobic substance among the dissolved, colloidal, and par- 
ticulate phases. The process of bioconcentration involves the taking of sub- 
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stances out of solution by direct partitioning into the fatty portions of the 
organism.’ That which is not retained is excreted—sometimes in a degraded 
state — back into the particulate pool, in the form of fecal pellets. Fluid excre- 
tions would be subject to adsorption and partitioning processes that eventually 
lead to particulate forms. Alternately, colloidal materials in the water, includ- 
ing humic substances, serve to keep hydrophobic contaminants from sorbing 
to larger particles, causing them to remain in a semidissolved state. 

A fraction of the total amount of suspended solids and associated organic 
contaminants will settle to the sediment-water interface, depending on the size, 
shape, and chemical properties of the particles. The interface layer is a 
dynamic area, in which resuspension takes place. This boundary layer may be 
divided into a region of very turbid water just above the actual sediment bed 
and a region encompassing the upper portion of the bed itself. The first section 
has been termed the benthic nepheloid layer. (BNL); the second, the active 
sediment layer.° Under the active sediment layer, which may be from 1 to 10cm 
in depth, are the permanently buried sediments. The BNL is formed in areas 
where the energy of the system, expressed as surface turbulence in the case of 
shallow systems, or as internal waves or currents in the deeper systems, is high 
enough to lift particles of varying diameters into the water column. Once 
resuspended, they may be transported to areas of less energy. The cause and 
the results of turbulence are generally characteristic of the system itself —for 
example, the season of the year, the prevailing wind-induced circulation, the 
velocity of currents, the geometry of the basin, and even the size, density, and 
chemical characteristics of the suspended solids and the water column chemis- 
try itself. Thus, there will be locations where the resuspended sediments tend 
to accumulate; these areas will include topographic depressions and mixing 
zones between fresh-and saltwater. In areas where the Coriolis force steers 
currents into wide, more quiescent locations, the suspended load will also be 
deposited. The result of this action is sediment focusing, which can be 
observed with seismic reflection instrumentation. Reflection profiles indicate 
lenses of fine-grained sediment in some areas, while other areas are completely 
barren. 

The heterogeneity of the benthic environment, with respect to depth, extent, 
and location of sediment lenses, complicates the estimation of pollutant mass 
reservoirs associated with the sediments. The accumulation patterns of recent 
fine-grained sediments (i.e., those with large surface areas and high levels of 
organic matter) have been found to be the controlling factor in the distribution 
of PCBs in the Hudson-Raritan estuary system.® The areas that trap fine- 
grained sediments and the associated contaminants serve to focus and magnify 
them from considerably larger regions. In the Hudson-Raritan region, shel- 
tered environments such as harbors, dredged channels, and certain bays may 
have sediment deposition rates that are orders of magnitude greater (1-70 cm/ 
year) than the rates in adjacent, more open locales (1-3 mm/year).° These 
more quiescent environments contain and trap the bulk of the particulate PCB 
contamination, although dissolved and colloidally bound constituents may 


PCB DISTRIBUTION IN NARRAGANSETT BAY SEDIMENTS 223 


leave the estuary. If sediments were homogeneously distributed throughout an 
area, geochemists would only need to estimate the contaminant concentration 
and multiply by the area and depth of the sediments to gain an understanding 
of the magnitude of the pollutant reservoir. However, in most cases, detailed 
seismic profiling with resolutions on the order of a few meters is necessary, 
along with adequate pollutant concentration data, to accurately quantify the 
extent of anthropogenic contamination. 

In contrast to sediment focusing, which can be thought of as an advective 
force transporting sediments horizontally, bioturbation, which can also be 
occurring in the active sediment zone, can be thought of as a vertical force, 
causing deeper deposits to be transported to the surface, making them avail- 
able for resuspension.*’? Organisms such as benthic worms and certain bivalve 
mollusks, by their dietary activities, serve to bring up sediments from below, 
either through their gut (conveyer-belt type) or by their movements. This 
causes the deeper sediments to be mixed with the surficial deposits and vice 
versa. This activity will tend to homogenize the sediments. 

Another process operating in the sediments is partitioning. Since the sedi- 
ments contain pore waters which usually have extremely high concentrations 
of dissolved organic matter, the partitioning of a contaminant among the 
dissolved, colloidal, and particulate phases may be altered in such a way as to 
cause HOCs to act as dissolved constituents. For example, very high concen- 
trations of dissolved PCBs have been observed in the pore waters of sedi- 
ments.®? Changes in the partitioning of contaminants may begin to occur in 
the BNL because of the phenomenon associated with the very high suspended 
solids concentrations, which have been shown to cause shifts in the partition- 
ing of sorbed species.!° Although the mechanism for this “solids effect” has not 
been definitively determined, these changes may be due to the interactions of 
the various phases in the water column and on the solids. 


General Information and Geographic Area of Interest 


PCBs are particularly susceptible to the processes outlined above since they 
are hydrophobic, resistant to degradation, and ubiquitous in the aquatic envi- 
ronment. These compounds, marketed by the Monsanto Chemical Company 
under the trade name Aroclor, were produced from 1930 to 1977. Their pri- 
mary use was in the electrical industry, particularly in transformers and capaci- 
tors.''2 Much of the original electrical equipment is still in use today, since 
only the manufacture, and not the use, of PCBs was banned by the EPA in 
1979. The production and sales records of PCBs are not as important as the 
uses they had in the marketplace with respect to their impact on the near-shore 
marine environment. While U.S. PCB production ended in 1976, it has been 
estimated that, as of January 1988, 690 million kg (31% of total produced) of 
PCBs are still in use, in millions of pieces of electrical equipment throughout 
the country, and that it will be 20 or 30 years before all PCBs still in use are 
disposed of or destroyed.'? On a worldwide basis, it has been estimated that 
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65% of the PCBs produced are still in use in electrical equipment and other 
products and are in landfills and dumps.'* The U.S. mobile environmental 
reservoir (MER) —that which is available for environmental redistribution on 
land —has been estimated to be 10% of the total amount produced since 1930, 
or approximately 53 million kg.'>-!® On a worldwide basis, the MER (terrestrial 
and coastal: river + lake + sediment + biota) has been estimated to be 12% 
of the total PCB production, or approximately 140 million kg.'* Thus, even 
though the production has ceased, the amount affecting the ecosystems is still 
substantial. 

Narragansett Bay sediments have been well studied for a variety of contami- 
nants, including petroleum hydrocarbons,!”-'° and polycyclic aromatic hydro- 
carbons.!? There is some information on PCBs in the bay, but these studies 
were limited in scope and dated.'’7°2 The purpose of the present study is to 
examine, in greater detail, the distribution of PCBs in surface sediments in 
order to assess the degree of contamination and to evaluate recent inputs to the 
bay. 


METHODS 
Sampling 


The spatial distribution of PCBs was assessed by their determination in 26 
surface sediment sites (top 0.5 cm, collected in 1985 and 1986) from through- 
out Narragansett Bay.* The sediments were diver collected along a transect 
from the upper Providence River to the mouth of the bay, including both an 
eastern and western branch, in order to give the widest spatial network for the 
evaluation of PCBs to date (Figure 11.1). Ancillary data on total organic 
carbon (TOC) content as well as other parameters were determined in order to 
better characterize geochemical interactions and aid in the evaluation of the 
data (Quinn, unpublished data).27 Once collected, the surface sediment 
samples were placed in solvent-cleaned jars and frozen at -20°C until 
analysis. 


Extraction 


An aliquot each of thawed sediment was removed for water content determi- 
nation, TOC analysis, and organic component analysis. Usually, a sample of 
sediment (equivalent to 1-10 g dry weight) was placed into a round-bottom 
flask for the organic determinations. Many different types of organics were 
determined in the sediments, including total organic carbon (loss on ignition, 
450°C),”? petroleum hydrocarbons, polycyclic aromatic hydrocarbons (Quinn, 
unpublished data), phthalates,“ coprostanol,?? and substituted benzo- 
triazoles.*”’ The specific analytical methods for these compounds were:analo- 
gous to that of the analysis of PCBs, namely, extraction, partitioning, chemi- 
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Figure 11.1. Surface sediment stations occupied during sample collection. When two 
numbers are reported, the second is labeled with a letter and represents 
samples collected one year later: for example, station 1 (1985); station 1a 
(1986). 
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cal fractionation, and gas chromatographic (GC) quantification, and details of 
these procedures can be found elsewhere.??-4 

The specific methodology used for the PCB analysis will be outlined. Ini- 
tially, octachloronaphthalene (OCN), used as an internal standard, was added 
to the thawed sediment, followed by 100-200 mL of methanol. The slurry was 
then extracted, under reflux conditions, for 2 hr. Once refluxed, the PCBs 
associated with the methanol extract were partitioned against three successive 
hexane volumes (where hexane accounted for 10% of total methanol volume, 
or about 10-20 mL each). The isolated hexane layers were combined into 
another flask and reduced to a small volume (~1 mL) using vacuum rotary 
evaporation at room temperature (< 30°C). This hexane extract, containing 
PCBs and other neutral organics isolated from the sediment, was then frac- 
tionated using silica gel column chromatography. A 0.5 x 10 cm pasteur pipet 
filled with ~2 g of fully activated 200-325 mesh silica gel (Grace Grade 922) 
was used for the separation of PCBs from other organics during this step of 
the procedure. The hexane extract was charged onto the prepared column and 
the PCBs were eluted using a solution of 80:20 (hexane:methylene chloride) at 
a solvent flow rate of ~ 5 mL/min (facilitated with N, pressure). Under certain 
circumstances the extracts were eluted with a 98:2 solvent preparation in order 
to more fully remove interfering components from the PCBs. In addition, 
activated copper powder was routinely utilized, in the column chromatogra- 
phy step, to remove interfering inorganic sulfur from the extracts. 

The PCB fraction derived from column chromatography was reduced to an 
appropriate volume (usually from 100-500 pL), and a 1 pL aliquot was 
injected into a Hewlett Packard 5710A gas chromatograph utilizing a high- 
resolution nonpolar phase fused silica capillary column (30 m, DB-5, J & W 
Scientific) and electron capture detection (“Ni). The conditions of GC analysis 
were 


© initial temperature, 100°C 
e program rate, 8°C/min 

e final temperature, 290°C 

e final hold time, 8-32 min 


The splitless injection port and detector temperatures were maintained at 
300°C, and the carrier flow (He) was about 1.5 mL/min. Quantification was 
afforded by using response factors determined for OCN and standards of 
Aroclor mixtures and 10 chlorobiphenyl congeners obtained from the EPA 
chemical repository in North Carolina and the National Research Board of 
Canada. The PCB compounds determined in the study were three Aroclor 
formulations: Ar 1242, Ar 1254, Ar 1260; and ten individual chlorobiphenyl 
congeners (CB): CB101, CB151, CB153, CB138, CB180, CB170, CB201, 
CB195, CB194, CB209. Structural and chemical information for these com- 
pounds can be found in Table 11.1; further information can be obtained 
elsewhere.?.25 

This particular set of compounds was selected out of a possible 209 individ- 
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Table 11.1. PCB Compounds Evaluated in the Narragansett Bay Studies 
Congener wt%? 








Structure-(IUPAC No.) Ar 1242 Ar 1254 Ar 1260 
2,2',4,5,5'-(CB101) <0.5 11.32 4.47 
2,2’,3,5,5’,6-(CB151) <0.5 <0.5 1.56 
2,2’,4,4',5,5’-(CB153) <0.5 8.14 <0.5 
2,2',3,4,4’,5'-(CB138) <0.5 9.49 11.68 
2,2’,3,4,4’,5,5'-(CB180) <0.5 <0.5 14.45 
2,2',3,3',4,4’,5-(CB170) <0.5 <0.5 3.80 
2,2’,3,3',4,5',6,6’-(CB201) <0.5 <0.5 1.50 
2,2’,3,3',4,4',5,6-(CB195) <0.5 <0.5 <0.5 
2,2’,3,3',4,4’,5,5'-(CB194) <0.5 <0.5 0.83 
2,2’,3,3',4,4’,5,5’,6,6’-(CB209) <0.5 <0.5 <0.5 
Total wt % <0.5 28.95 38.29 





aFrom Capel et al.42 


ual chlorobiphenyl congeners because of their association with the Aroclor 
formulations typically observed in Narragansett Bay and because they exhibit 
a wide range of chemical properties. It must be noted, however, that because 
the potential for coeluting congeners exists, their identification in the samples 
is considered tentative. A typical chromatogram of a sediment extract deter- 
mined in Narragansett Bay is shown in Figure 11.2. It can be seen that a large 
number of peaks comprise the PCB fraction; those peaks labeled with num- 
bers correspond to the congeners noted above. The peaks labeled with letters 
are those utilized for quantification of the PCBs as Aroclor equivalents; the 
details of the quantification can be found elsewhere.’ A comprehensive quality 
assurance/quality control program was used, including blank determinations, 
recovery experiments, and intercalibration analyses.’ Analytical determina- 
tions of blanks revealed undetectable levels of PCBs (i.e., < 1.0 ng Aroclor/g 
dry weight and < 0.05 ng congener/g dry weight). Recoveries of PCBs 
through the analytical protocol were from 73 to 112%. Precision, estimated by 
multiple extraction and analyses of the same sediment sample, was found to be 
usually within 10% of the mean. Accuracy, as determined from intercalibra- 
tion and spiked samples, was typically found to be within 10% of the accepted 
values. 


RESULTS AND DISCUSSION 
Overall Concentration Levels 


The concentration of total PCBs (i.e., Ar 1242 + Ar 1254 + Ar 1260) 
observed in the surface sediments of Narragansett Bay averaged 390 ng/g dry 
weight with a wide degree of spatial variability (range: 8-2410 ng/g). These 
values were similar to those observed in other estuaries that have industrial and 
municipal activity (Table 11.2). For example, Raritan Bay, Puget Sound, and 
Narragansett Bay all had values in the 300 to 500 ng/g range (Table 11.2). 
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INCREASING TIME AND TEMPERATURE 


Figure 11.2. Chromatogram of a Narragansett Bay surface sediment extract using a 
high-resolution capillary column. See text for explanation of chlorobipheny! 
(CB) designations. The letters F through M are used to calculate the Ar 1254 
and Ar 1260 concentrations in the samples. 


However, concentrations determined in the present study were significantly 
lower than in those areas that have been considered to be PCB “hot spots,” 
that is, the Hudson River and New Bedford Harbor areas (e.g., concentrations 
greater than 3000 ng/g dry weight; Table 11.2). 

Concentrations determined on suspended solids derived from rivers and 
municipal point sources in Narragansett Bay? were found to exhibit mean 
values higher than those of the sediments (Table 11.3). For example, concen- 
trations on the particles from the river and the wastewater inputs (1130 + 333 
and 862 + 516 ng Ar 1254/g dry weight, respectively) were statistically greater 
(P < 0.05, Student’s t-test) than the mean value for the surface sediments in 
the general vicinity (Providence River and upper bay: 376 + 393 ng Ar 1254/ 
g). 
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Table 11.2. The Concentrations of Total PCBs in Estuarine Surface Sediments from 
Different Regions 


ng/g dry 

Location Date Min. Max. Mean SD Notes Reference 
Tidal Hudson 

km 225-240 1981 1,600 140,000 30,000 — Ar 1242 6 

km 130-180 1981 4,100 29,000 10,000 — = Ar 1242 6 

km 64-80 1981 500 26,000 6,000 — Ar 1242 6 

km 3-10 1981 700 5,800 3,000 — Ar 1242 6 
Raritan Bay 1981 40 4,400 400 — Ar 1242 6 
L.I. Sound 1984 <I 380 143 — _ not spec. 43 
Puget Sound 1981 33 1,630 500 579 not spec. 44 
N. Bedford H. < 1984 1,000 ~10%w/w — — _ not spec. 45 
Chesapeake Bay 1984 1 160 49 — _ not spec. 43 
Narragansett Bay 1985-86 8 2,410 390 645 Ar1242-60_ This study 


ee ee 


Note: not spec. = formulation not specified. 


Within the water column itself, the PCB concentrations represent an inter- 
play between dilution of source materials by autochthonous particles, degra- 
dation, resuspension-deposition, and the general hydrology of the system. The 
PCB levels for solids in the upper water column (mean = 838 + 402 ng/g) 
were greater (P < 0.05, Student’s t-test) than those at depth (mean = 464 + 
221 ng/g) (Table 11.3).? The particulates with lower PCB levels may have been 
due to dilution of allochthonous particles (with higher PCB content) with 
planktonic particles (of lower PCB content). However, no direct chemical 
evidence for this, such as the concentration of n-C15 or n-C17, which has been 
shown to be associated with planktonic lipids,2° was available. So other 
hypotheses are possible. These particulates, at depth in the water column, have 
similar PCB concentrations as the surface sediments, suggesting they are either 
resuspended from the active sediment layer or are the source material for the 
sediments. 

Detailed scrutiny of the data, however, yielded a different view than the 
mean concentrations suggested. Specifically, the PCB concentrations in surfi- 
cial sediments around Fox Point (1170 + 66.5 ng Ar 1254/g dry weight) were 
statistically identical (P < 0.05, Student’s t-test, 95% confidence limit) to 
those on the suspended solids from the Moshassuck (1200 + 122 ng/g), 
Woonasquatucket (1620 + 329 ng/g), and Blackstone (1740 + 550 ng/g) 
Rivers, all of which discharge into the general vicinity of the Fox Point station 
(Table 11.3). In addition, the sedimentary concentrations in the area around 
the mouth of the Pawtuxet River suggested an influence from this river; that 
is, the Ar 1254 concentrations at sediment sites in the midportion of the 
Providence River (i.e., stations 2, 2a, 3, 3a) had a mean of 478 + 104 ng/g, 
and this value was statistically equal to the mean loading of 648 + 213 ng/g 
TSS determined for particies in the Pawtuxet River (Table 11.3). Thus, the 
sediments of the particular regions into which these freshwater inputs dis- 
charge generally reflect the PCB composition of the solids from the inputs. 
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Table 11.3. Mean PCB Concentrations (+ SD) on Total Suspended Solids (TSS) in Rivers, 
Point Sources, Bay Water, and on Surficial Sediments from Throughout 
Narragansett Bay 


TSS or Sediment (ng/g) 


Freshwater* 
Pawtuxet River 648 + 213 
Moshassuck River 1,200 + 122 
Woonasquatucket River 1,620 + 329 
Blackstone River 1,740 + 550 
Taunton River 434 + 228 
mean: 1,130 + 333 
Point Sources Effluents® 
Fields Point 930 + 1090 
Blackstone Valley 890 + 160 
All Others (n =9) 767 + 340 
mean: 862 + 516 
Marine Water 
Surface (<1 m) 
Fox Point 1,092 + 534 
Conimicut Point 896 + 187 
West Passage 329 + 321 
East Passage 1,036 + 253 
mean: 838 + 402 
Bottom (>5m) 
Fox Point 809 + 289 
Conimicut Point 202 + 156 
West Passage 515 + 169 
East Passage 332 + 158 
mean: 464 + 221 
Surface Sediments? (top 0.5 cm) 
Fox Point (st. 1,1a) 1,170 + 66.5 
Mid Providence River (st. 2,2a,3,3a) 478 + 104 
Providence River/upper bay (st. 1-4,5a,11,18) 376 + 393 
mean: (entire bay): 217 + 327 


Note: PCBs are expressed as Ar 1254. 
*Samples taken under dry weather conditions only.‘® 
>See Figure 11.1 for station locations. 


General Distribution of Sedimentary PCBs 


Ar 1254 will be featured for discussion because it is the PCB formulation 
most consistently observed in sediments and other types of samples collected 
throughout the bay.’ Although the designation of PCBs as Aroclor equivalents 
is rather subjective, it is a framework suitable for the divulgence of informa- 
tion on spatial trends throughout the study area. Upon occasion, selected 
congeners will be utilized to make a point clearer due to their more exact 
analytical determination and/or their differing chemistries. 

It should be noted at the outset that at least three types of Aroclors were 
discovered in the sediments of Narragansett Bay. Ar 1242 was found to be 
most prevalent in the upper Providence River, while Ar 1254 and Ar 1260 were 
typically found at all the sediment sites; generally, however, Ar 1254 was 
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detected in the highest concentrations. In addition, it was noted that chloro- 
biphenyl species in the nona- and decachlorinated range were consistently 
observed in the sediments of Narragansett Bay. These types of components are 
not found, in any appreciable concentrations, in the Aroclor formulations 
typically observed in the bay sediments. Furthermore, these constituents were 
encountered in samples from the fluvial inputs to the system, but not the 
wastewater inputs.? It has been speculated that these highly chlorinated com- 
ponents may reflect a contribution from Aroclor 1268. This indeed may be the 
case; however, the distribution of the congeners is not quite what would be 
expected if Ar 1268 were involved (Latimer, unpublished data), although envi- 
ronmental alteration may be sufficient to cause the observed discrepancy. It is 
also possible that these constituents, especially the decachlorobiphenyl com- 
pound, may be derived from specialty formulations used in the die-casting 
industry or from atmospheric contributions.” 

The highest levels of PCBs in the surface sediments were observed in the Fox 
Point region (stations 1 and 1a) of the Providence River; in this vicinity, the 
concentration of Ar 1254 was over 1000 ng/g dry weight (Figure 11.3). The 
zone of the maxima is consistent with the mass transport conclusions derived 
from a study of the sources of PCBs to the bay. That investigation indicated 
the Blackstone River, which empties into Narragansett Bay at its northern 
terminus (via the Seekonk River), is the largest fluvial source of PCBs, at least 
under dry weather conditions.? Samples of Seekonk River (estuary) sediment 
were evaluated in a later study and exhibited even greater PCB levels than at 
Fox Point (e.g., 1600 ng/g, in a 0-2 cm core section; Latimer, unpublished 
data). Higher concentrations would be expected in the Seekonk since many of 
the freshwater pollutant removal mechanisms take place by the time the salin- 
ity has reached 15-20 0/00.” The Blackstone River spills over a dam into the 
Seekonk River, where the average salinity ranges (based on data for 
1986-1987) from less than 1 to 26.3 0/ 00.22 Therefore, any dissolved or colloi- 
dally bound constituents will be destabilized and deposited, either by precipita- 
tion (salting out) or agglomeration, into the particulate pool, once the fresh 
and salt waters mix. In addition, the chemical nature of the colloids may be 
altered in this region, causing bound nonionic organics to desorb and become 
associated with settleable solids. 

As Figure 11.3 illustrates, the PCBs showed a pattern of high levels in the 
Providence River, decreasing to lower values with increasing distance from this 
area. An exponential decrease in the sediment levels with distance from the 
highly industrialized Providence area was indicated. When the logarithm (base 
10) of the concentration data were graphed with distance from station l, a 
linear relationship with a negative slope was observed (Figure 11.4). The slope 
of this line can be used to estimate the half-distance (D,,.) for a contaminant." 
Physically, D,/. is the distance, from the head of the bay, at which the concen- 
tration of a compound decreases to half its initial value. It was calculated by 
dividing log 2 by the slope of the semilog relationship. The half-distance can be 
used as a diagnostic parameter to gain information about the location of the 
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Figure 11.3. Ar 1254 concentrations in surface sediments expressed on a dry weight basis. 
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Figure 11.4. The log (10) concentration of PCBs (Ar 1254 and CB209) versus distance from 
the Fox Point station. 
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Table 11.4. Half-Distances Calculated for Selected Organic Contaminants in Narragansett 
Bay Surface Sediments 


Half-Distance (km)? 


Constituent log Koy W. Transect® E. Transect® 
Total organic carbon — 13.7 15.8 
Phenanthrene 4.644 9.6 13.1 
Ar 1254 6.04° 6.0 Tas 
CB101 6.31! 5.8 6.9 
CB138 7.449 6.2 7.7 
CB209 8.26" 6.5 We. 


*Half-distance = log 2/slope of semilog concentration-distance equation. 

>West transect includes stations 1-4a, 6, 8, 18, 19, 20, 21 (n = 14). See Figure 11.1 for station 
locations. 

“East transect includes stations 1-4a, 5, 5a, 7, 9, 10, 11-16 (n = 19). See Figure 11.1 for 
station locations. 

4From Mackay et al.47 

®From Mabey et al.*8 

‘From Kenaga and Goring.*9 

9From Rapaport and Eisenreich.*° 

"From Miller et al.5" 


source region and relative sedimentary desorption kinetics of a particular com- 
pound of interest. For example, the D,,, for Ar 1254 for the transect on the 
west side of the bay was calculated to be 6 km (Table 11.4). The slope of the 
line for the TOC was significantly lower than for the PCBs and gave a D,,, of 
13.7 km for the western transect, which is similar to the value of 12.5 km 
calculated previously. A more diffuse source for organic carbon is consistent 
with these calculations since the organic carbon pool can be derived from both 
anthropogenic and natural sources, which are not necessarily dominated by 
the Providence River. Furthermore, correlational analysis indicated that the 
organic carbon varied in a manner that was more similar to the natural compo- 
nents of the sediments, such as the odd carbon number n-alkanes and n- 
aldehydes, rather than the anthropogenically derived petroleum hydrocarbons 
and PCBs (Latimer, unpublished data). 

Once in the sediments, it has been proposed that compounds that exhibit a 
greater tendency to partition into the sediments are less likely to be desorbed 
and thus would be found at greater distances from the source regions than 
those that sorb less strongly.'9°° Therefore, it might be expected that constitu- 
ents with high K,, coefficients would be more likely to have greater half- 
distances than those with low values. Unfortunately, to test this hypothesis, the 
source functions (i.e., location and source strength) would need to be equal for 
the compounds of interest. In the case of the polycyclic aromatic hydrocar- 
bons, as exemplified by phenanthrene in Table 11.4, which has a relatively 
long D,,., the sources were not localized and the longer half-distance may be 
due to nonpoint sources such as urban runoff and atmospheric inputs.3! The 
distributed inputs would tend to lengthen D,,,, irrespective of the K,,, value. In 
contrast, the sources of PCBs have been shown to be principally ‘from the 
Blackstone River (at the northernmost sector of the bay);? therefore, the need 
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for a well-defined source function and differing K,,, coefficients was satisfied 
using three chlorobiphenyl congeners with different chemical properties. A 
longer half-distance with increasing K,,,’s was confirmed at least for the west- 
ern transect (Table 11.4). The significance of the differences was not conclu- 
sive, however, suggesting that the chemical nature of the PCB contaminants is 
not an overriding determinant of the sedimentary distribution. 

The chemical evidence implies that partitioning differences between the con- 
geners were not the controlling factors in the overall PCB distribution in the 
sediment; in fact, all of these compounds are apparently sorbed strongly 
enough to merely represent the time-averaged sediment transport dynamics of 
the bay. Contrary to a physical/chemical explanation for the congener distri- 
bution, Figure 11.5 shows a similar chemical sequence for all 10 chloro- 
biphenyls studied in sediments, despite the geographic extremes of the sam- 
pling network and the widely different K,, Values for the congeners. This 
figure shows, quite convincingly, that the congener distributions for the sur- 
face sediments throughout the bay were relatively constant and were domi- 
nated by CB101, CB153, CB138, and CB180. The differences observed 
between the half-distances calculated for the western and eastern transects of 
the bay (Table 11.4) were, thus, a consequence of the general hydrology 
between these two areas, starting from the common source region —the 
Blackstone/upper Providence River. The half-distances calculated were a 
function of where the PCBs enter the bay and how the sediments are later 
distributed and were not primarily related to the sorptive properties of the 
compounds. A similar conclusion was reached by Pruell and Quinn.” In addi- 
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Figure 11.5. The congener distribution for station 1 (Fox Point), station 21 (Rhode Island 
Sound), and the mean (+ SD) for all the Narragansett Bay surface sediment 
stations evaluated. 
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tion to these general characteristics, an elevated PCB concentration at station 
15 was the reason for the slightly, but consistently, longer half-distances 
observed for the eastern transect of the bay. Moreover, the high PCB concen- 
trations at station 15 and the low concentrations in some areas of the upper 
bay, together, contributed to the poorer correlations observed between the 
regression line variables in the eastern transect (Figure 11.4). 


Localized Distribution of Sedimentary PCBs 


There is a general attitude among organic geochemists that concentration 
data in sediments should be universally expressed on an organic carbon weight 
basis, since hydrophobic components such as PCBs are strongly associated 
with this fraction of the sediment.? By expressing data in this manner, differ- 
ences in sediment types can be normalized. The data would then be more 
reflective of the source strengths of the contaminants and less on the hydrody- 
namics, thereby disassociating the effects of the depositional regime. This is 
true because the organic carbon is associated to a greater extent with the fine- 
grained portion of the sediments; thus, organic carbon normalized data will 
also be a surrogate for fine-grained associated pollutants.2? It can be expected 
that during episodes of limited deposition — for example, during storms —only 
the larger grain size, sandy, low organic carbon type sediments would be 
deposited from the water column or would remain on the sediment surface. 
The smaller sized particles would be resuspended and swept away, only to be 
deposited elsewhere. The continuum of this resuspension-deposition situation 
will be reflected in the sedimentary reservoir. 

Certain areas in the lower Providence River and upper bay (alluded to 
above) showed diminished levels of PCBs per unit dry weight of sediment. For 
example, the area just north of Conimicut Point (station 4a; see Figure 11.3; 
station locations are in Figure 11.1) was found to have a concentration of 182 
ng Ar 1254/g dry weight; in contrast, the site just south, i.e., station 5, had 
only 10.3 ng Ar 1254/g dry weight. When these concentrations were expressed 
on a per weight organic carbon basis, the two stations showed nearly identical 
values (Figure 11.6; 3.88 and 3.51 ng Ar 1254/mg TOC, respectively, for 
stations 4a and 5). This indicated that the two sites were subject to sources of 
similar PCB character; however, because of the magnitude and direction of the 
bottom currents, station 5 appears to be in a nondepositional area, yielding 
lower organic carbon loadings and, presumably, more coarse sediments. Maps 
showing the distribution of sediments in this region indicate that the area from 
Nayatt to Rumstick Points (near stations 5 and 10) is mainly sand.33 

The bottom topography of a basin may also play an important role in the 
amounts of organic contaminants deposited. The low PCB concentration 
determined at station 10 (8.85 ng/g dry), although having low organic carbon 
levels, had PCB levels even lower than what would be expected when normal- 
ized to TOC (i.e., 0.89 ng Ar 1254/mg TOC), thus revealing that this area may 
be partially isolated from the higher PCB inputs coming from the Providence 
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Figure 11.6. Ar 1254 concentrations in surface sediments expressed on an organic carbon 
weight basis. 
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River due to bottom contours. While the actual site was west of the topo- 
graphic feature called Rumstick Shoal, it is possible that this area may be 
influenced by the shoal and derived its sediment and associated contaminants 
from the Warren River Basin (northeast of station 10), which may be less 
contaminated with PCBs. 

Grain size analysis was undertaken for the majority of the sediment samples 
(King, unpublished data). In a general sense these data confirmed that organic 
carbon was most strongly associated with the silt (r2 = 0.557) and even more 
so, the silt + clay (r? = 0.568) fractions of the sediments. As expected, there 
was a negative correlation in the concentration organic carbon with the sand 
content of the sediment. 

A close examination of these data, however, indicated a more complicated 
system than first thought. The relationship between these bulk sediment char- 
acteristics (e.g., grain size and organic carbon content) and the PCB levels was 
revealing. Much of the PCB data, expressed in this case by CB180, were in the 
less than 10 ng/g concentration range (Figure 11.7). In this concentration 
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Figure 11.7. The concentration of CB180 (2,2',3,4,4’,5,5’-heptachlorobiphenyl) versus bulk 
sediment properties for Narragansett Bay and upper Providence River sites: (a) 
percent silt + clay fraction of the sediments; (b) TOC concentration in the 
sediments. 
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realm, the fine-grained fractions and organic carbon content were directly 
proportional to the contaminant levels, i.e., organic carbon content (1? = 
0.865) and the percent fine-grained (silt + clay, r? = 0.749). 

In the relatively contaminated upper Providence River, however, the rela- 
tionships are clearly different. This area appeared to follow a different regime 
than the remainder of the bay. The general functionality was independent of 
the PCB chemistry since all of the congeners showed similar behavior. In this 
region, the grain size properties were all in the 50-80% silt + clay category 
(Figure 11.7a), but, more importantly, the sediment had only slightly higher 
organic carbon content than areas outside of the upper Providence River 
(~4.5-8.5% TOC, Figure 11.7b). Contrary to conventional wisdom, in the 
upper Providence River, as the proportion of fine-grained material decreased 
(percent sand increased), the PCB levels increased markedly. The trends are 
identical even when the < 16 ym and the 16-62 um size fractions are evaluated 
separately. 

Various explanations are possible. One possible reason for this phenomenon 
is that the properties of the organic carbon in the upper portion of the Provi- 
dence River are sufficiently different as to sorb or retain nonionic pollutants to 
a greater extent than organic carbon in the other areas, completely overriding 
the effects of grain size on PCB dynamics. The organic carbon content is 
important because it is not just the surface-to-volume ratio of the sediments 
(i.e., the grain size) that plays a role in the sequestering of contaminants, but 
the partitioning properties of the specific organic carbon coatings on the sedi- 
ments themselves. Therefore, it is conceivable that the sediments from various 
areas may be expected to have different types of coatings (natural and anthro- 
pogenic) and differing sorption and retention affinities to organic contami- 
nants. In this regard, it has been reported that the chemical character of humic 
materials will affect the degree of hydrophobic sorption.™ 

Even more important, however, than natural humic materials, other phases 
are capable of sequestering PCBs. Anthropogenic substrates in soils, such as 
petroleum hydrocarbons (PHCs), have been shown to partition hydrophobic 
organics nearly 10 times more efficiently than natural organic materials.* 
Therefore, this may account for the observed trends since the Providence 
River has high levels of organic contaminants, including petroleum hydrocar- 
bons.!? One way to test this hypothesis is to compare the PCB:PHC ratios in 
sediments from the upper Providence River with those for the remainder of the 
bay. If the petroleum is the active fraction of the TOC, then the ratio might be 
expected to be higher in the upper Providence River. This test was performed, 
and the results showed increased affinity of PCBs in this area, but not excep- 
tionally so. Thus, the hypothesis cannot be confirmed. 

Another plausible explanation of the behavior of PCBs is that the sediments 
are simply reflecting the fact that PCBs are entering the system on particles 
with the characteristic grain properties (i.e., very high PCB, higher sand con- 
tent). Those sediments in the upper Providence River are nearest to the source 
regions with these peculiar grain properties. In order to test this deduction, one 
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would need PCB:TOC and PCB:percent sand ratios for TSSs in the source 
samples; unfortunately, these data are not available. Any other test would 
require further assumptions that begin to beg the question and as such would 
not be defensible. However, this latter proposition appears to be the most 
probable, and future studies should include grain size analyses for rivers dis- 
charging in this vicinity. Whatever the cause, the evidence indicates that the 
most highly contaminated sediments in Narragansett Bay are not associated 
with the smallest particle sizes and as such this region (the upper Providence 
River) would be less prone to down-bay transport of the contaminated materi- 
als; thus, it can be considered a sink. 

Another area of interest is the sediment site in the vicinity of Newport 
(station 15). The outfalls of a primary wastewater treatment facility (WWTF) 
and combined sewer overflows (CSOs) are located in this general region. Sta- 
tion 15, which was in the same north-south direction as the tidal flow with the 
wastewater outfalls and CSOs, exhibited a PCB content that was similar (i.e., 
136 ng Ar 1254/g dry, see Figure 11.3) to that of the upper bay. Station 14, 
which was across the bay in the vicinity of Conanicut Island near a secondary 
wastewater treatment facility, did not show elevated PCB concentrations on 
either a dry weight or an organic carbon weight basis (Figures 11.3 and 11.6). 
The concentration at station 16, southwest of station 15, was approximately 
what might be expected for this area of the bay. 

The average PCB loadings on TSS from the Newport wastewater facility in 
1985-1986 were 420 + 330 ng Ar 1254/g TSS, which was somewhat higher 
than what was observed in the sediments. The suspended solids in the effluent, 
however, would be expected to be fractionated, once discharged into the 
marine environment, in such a way as to remove the more highly contami- 
nated, smaller size fraction of the particles, leaving the less contaminated 
solids to settle to the bottom. The fact that the Newport plant is a primary 
treatment facility, in which the settling of in-flowing sewage is the only means 
of contaminant removal, suggests a possible link between it and the sediment 
levels. In addition, calculations indicated that this facility was one of the larger 
sources of PCBs to the bay relative to what would be expected from its typical 
effluent flow rate.? However, it must be noted that, although there is circum- 
stantial evidence that may implicate the Newport outfall, the entire Newport 
area has many pollution sources, including combined sewer overflows as well 
as industrial and shipping activities. These potential sources coupled with 
previous naval pollution in this region may have contributed to the elevated 
PCB levels in the sediment. 


Sediment Quality Criteria 


Sediment quality criteria research is a relatively new branch of applied envi- 
ronmental toxicology.** It is analogous in its application to the water quality 
criteria utilized by local and national environmental authorities in determining 
the degree of degradation of a water body. Water quality criteria are based on 
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the effects of contaminant levels in the water on various aquatic test organ- 
isms. Sediment quality criteria development is in the early stages, and several 
different methods of determining the detrimental contaminant levels are cur- 
rently being explored. A detailed description of all of these methods is beyond 
the scope of this chapter; however, a few of the methods studied in the Puget 
Sound ecosystem will be mentioned and applied to Narragansett Bay.*’ The 
interested reader should consult an excellent review by Chapman.** 


Apparent Effects Threshold (AET) 


In an effort to mitigate the limitations of other approaches, actual field 
bioeffects and chemical data are utilized in the AET methodology. This tech- 
nique has the advantage of adaptability with respect to chemicals of concern 
and bioeffects utilized.** No assumptions are needed about the mechanisms of 
interactions between the pollutant and the fauna, so the AET has a wide 
appeal, partly because it yields noncontradictory evidence of sediment quality, 
an important attribute in a litigious society. However, the approach requires a 
large database of both chemical and biological information and suffers from a 
lack of standard methods for sediment toxicity testing. The Puget Sound study 
used four bioeffects testing parameters for comparative purposes: amphipod 
mortality level (e.g., Rhepoxynius abronius), oyster larvae abnormalities (e.g., 
Crassostrea gigas), benthic infaunal population depression (e.g., total abun- 
dances, polychaetes, mollusks, and crustaceans), and bacterial biolumines- 
cence (Microtox bioassay) changes.*” The benthic infaunal population and the 
oyster larvae bioindicators yielded the same criteria for the Puget Sound sedi- 
ments (1.1 »g total PCB/g sed.); the amphipod mortality indicator was signifi- 
cantly less sensitive (2.5 yg total PCB/g sed.), whereas the bioluminescence 
indicator was extremely sensitive to low levels of PCBs (0.13 yng total PCB/g 
sed.). The extreme sensitivity of the Microtox bioassay to the most nonpolar, 
neutral contaminants has been noted by others studying sediment toxicity.” 

The AET criteria was applied to Narragansett Bay sediments in order to 
compare PCB levels with possible biological effects. The criteria based on 
amphipod mortality suggested that only the very northern portion of the estu- 
ary had degraded sediment levels (Figure 11.8a), but the oyster larvae bioassay 
and the benthic infaunal abundance tests indicated that lower levels of PCBs 
were harmful; thus, the sediments in the vicinity of the Fields Point WWTF 
(near sediment stations 2 and 2a) were classified as degraded (Figure 11.8b). 
Due to the sensitivity of the Microtox bioassay, sediments throughout the 
Providence River and portions of the midbay as well as near Newport, RI, 
were deemed to be detrimental to organisms living in them (Figure 11.8c). 

The applied AET sediment quality criteria were designed and intended for 
use in the Puget Sound only; its application should be strictly understood as an 
example of the utility of the technique in linking sediment PCB levels to 
adverse biological impacts in Narragansett Bay. Since the AET protocol is 
extremely site specific (e.g., total contaminant makeup of reference sites and 
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Figure 11.8. 


Map of Narragansett Bay showing that portion of the sediments that were 
characterized as degraded according to (a) the AET-amphipod mortality 
approach, (b) the AET-oyster larval abnormality and benthic infaunal population 
depression approaches, (c) the AET-Microtox approach, and (d) the 
EP-sediment/interstitial water approach. 
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polluted sites are employed), a similar study designed to categorize sediment 
levels of pollutants and adverse biological effects for Narragansett Bay sedi- 
ments is essential in the absence of established sediment quality criteria. 


Sediment-Water Equilibrium Partitioning (EP) 


This method is framed on the premise that detrimental sedimentary levels of 
contaminants would be available to organisms if the interstitial water con- 
tained concentrations that are equal to, or greater than, the chronic water 
quality criteria as promulgated by the U.S. EPA. The criterion is based on the 
sedimentary contaminant concentration (organic carbon normalized) that 
would be in equilibrium with interstitial water contaminants. If this value is 
high enough, pore waters would acquire levels that meet or exceed the EPA 
water quality criterion of the contaminant of interest. 

The method involves the calculation of an organic carbon normalized parti- 
tion coefficient from the chemical characteristics of the pollutant—in this 
case, the octanol-water partition coefficient for PCBs. The general equation 
for this conversion is the standard 


logeKger= @ logiKe jut! b 


Kyoc is the organic carbon normalized partition coefficient defining the equi- 
librium of the compound between the interstitial water and sediment organic 
carbon phases. The regression parameters, a and b, can be obtained from the 
literature. Using values of 0.843 and 0.158 for these parameters, respectively, 
and a log K,, value of 6.46 for PCBs,*’ the logarithmic organic carbon parti- 
tion coefficient was calculated to be 5.60. Applying this value to the equation 


Kroc = Cyea-toc/ Cyiteccritetion 


and solving for C..4-1oc» @ Sedimentary concentration of 12.0 ng/mg TOC of 
PCBs would be required to yield 30 ng/L in the interstitial water.” In the case 
of Narragansett Bay, the northern and midsection of the Providence River 
(stations 1-3) would be suspected of being in a degraded state according to this 
criterion since the average concentration of PCBs was 22.5 ng/mg TOC (Fig- 
ure 11.8d). It is entirely possible that the water quality criterion (WQC) pub- 
lished by EPA in 1987 for PCBs may be revised downward by regulatory 
agencies at the state level based on the reduction that the FDA promulgated in 
the late 1970s. The FDA tolerance level was reduced from 5 to 2 pg/g for 
saleable fish and shellfish based on more up-to-date information than the 
original EPA WQC data base.*' This reflects a criteria reduction of 60%. If 
extrapolated to WQC, this would translate into a revised 12 ng/L marine 
chronic criterion, which in turn would yield a sediment quality criterion (SQC) 
of 4.8 ng/mg TOC in the sediments. If this scenario were to be considered 
valid, then sediments of a much greater area in Narragansett Bay, similar to 
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the Microtox projections (see Figure 11.8c), would be above acceptable PCB 
levels. 

The EP method has its strengths and weaknesses. One advantage is that it 
utilizes the toxicological database already in existence (i.e., U.S. EPA water 
quality criteria) and, as such, does not require any collection of biological 
data. Only the determination of contaminant concentrations along with the 
organic carbon content of the sediments is necessary. However, certain limita- 
tions exist — for example, the rather limited number of compounds for which 
water quality criteria exist restricts the applicability of the protocol. In addi- 
tion, the application of toxicological data, determined in sediment-free test 
systems, to the field, may not be appropriate. Although uptake via partition- 
ing is considered important, the method assumes bioaccumulation only 
through water partitioning and not from sediment ingestion. Furthermore, 
uncertainty due to interactive effects of chemicals in the environment must be 
addressed since most sediments have a myriad of organic and inorganic con- 
taminants as well as a variety of physical and chemical characteristics that, 
taken together, may have a different influence on the infaunal organisms, not 
predicted with single chemical approaches.** In addition to these limitations, 
the validity of the assumption that equilibrium exists between the chemical 
sorbed to the sediment and that which is dissolved (or in colloidal suspension) 
in the interstitial waters is oftentimes questionable, especially in an area as 
dynamic as an estuary.*’ 


CONCLUSIONS 


Concentrations of PCBs, as determined in the top 0.5 cm of surficial sedi- 
ments throughout Narragansett Bay, generally reflected the various sources to 
the estuary. From the spatial concentration distribution, it was clear that the 
upper Providence River contained the highest sedimentary levels of PCBs. 
This pattern was consistent with the proximity of industrial and population 
centers in the region. The northern sector of the bay watershed can be charac- 
terized as a focal point of industrial/population enterprise, particularly in the 
Providence River area. The PCBs exhibited a significant concentration gradi- 
ent with a maximum in the Fox Point region of the Providence River. In this 
area, levels of Ar 1254 were approximately 1000 ng/g dry weight; they 
decreased to around 100 ng/g in the upper bay. The southern portion of the 
bay has significantly less industrial activity, lower population density, and 
consequently, lower PCB levels. The concentrations were approximately 15-30 
ng/g in the areas around Conanicut Island, and they finally reached < 10 ng/ 
g levels near the mouth of the bay. 

In some areas, the concentrations of PCBs in the sediments were relatively 
low due to decreased inputs of particulate organic material, as evidenced by 
the low organic carbon content of the sediment. The areas that showed the 
lower concentrations of organic carbon did so because of the nature of the 
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local circulation dynamics. Conversely, the upper segment of the Providence 
River contained PCB levels much higher than expected from the observed 
organic carbon content and other bulk sediment parameters relative to the 
other regions. This was perhaps due to either the anthropogenic nature of the 
sedimentary organic substrates capable of sequestering hydrophobic contami- 
nants or from the particle characteristics of the sources of PCBs in this 
vicinity. 

Other areas exhibited elevated levels of PCBs that were not necessarily due 
to the transport of contaminated sediment from Providence River sources, but 
were presumably due to inputs from local sources; the region near Newport, 
RI, was such an example. 

The surficial concentrations of PCBs were categorized as to whether they 
would be deleterious to organisms in the sediment. The apparent effects 
threshold (AET) and equilibrium partitioning (EP) approaches were discussed; 
the EP technique was less site specific and, as such, more applicable to Narra- 
gansett Bay. Using this approach, it was determined that the upper and midre- 
gions of the Providence River were in a degraded state with respect to the 
ability of sediment to support thriving biological populations due to high PCB 
levels. It was further postulated that greater areas of the bay sediments would 
be considered to be in a degraded state if a more stringent regulatory standard 
were applied. 
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CHAPTER 12 


Carbon Cycling in Coastal Sediments: 2. An 
Investigation of the Sources of £CO, to 
Pore Water Using Carbon Isotopes 


Ann P. McNichol, Ellen R. M. Druffel, and Cindy Lee 


INTRODUCTION 


Oxidation of organic carbon during early diagenesis in coastal sediments is 
an important process which affects nutrient balances in coastal systems, the 
residence of pollutants in sediments, and the nature of the sediments them- 
selves. Much of the organic matter that reaches the sediment-water interface in 
coastal regions is derived from organic matter produced in the surface waters; 
in many areas approximately 15-20% of the primary production reaches the 
sediment-water interface. A large percentage of the organic matter that 
reaches the sediments can be remineralized, i.e., oxidized to CO,. Oxidation of 
organic carbon in sediments proceeds with the use of electron acceptors (EA), 
available in seawater according to the following equation: 


(CH,0),(NH;),(H;P0,), + EA > reduced EA + xCO, + yHNO, 
(or N,, NH;) + zH;PO, + bH,O (12.1) 


Electron acceptors are used in the order O,, NO, and MnO,, Fe,O,, SO,, and 
CO, and low-molecular-weight organic compounds.! Many of the compounds 
produced, and subsequently released to the sediment pore water, during the 
oxidation of organic carbon are important nutrients. Exchange between pore 
water and overlying water means that the oxidation of organic carbon in 
sediments can have an important effect on the amount of O, in overlying 
water, as well as the total amount of nutrients available for photosynthesis. 
Thus, it is important to understand the rates and mechanisms of oxidation in 
sediments. 

It is generally recognized that hydrophobic organic pollutants are associated 
with the particulate organic matter in coastal systems. The exact nature of this 
association is still being studied, but it is likely that there are many types of 
associations possible and that the ultimate fate of pollutants will depend on the 
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type of association. Much of the organic matter that reaches the sediments is 
remineralized, a process which may alter the organic matrix in which pollu- 
tants reside. It is important to investigate not only the association of pollutants 
with organic matter, but any processes which may affect the associations. This 
chapter is concerned with the latter issue. 

The oxidation of organic carbon in sediments can be traced by following the 
consumption or production of oxidants or decomposition products, respec- 
tively, in the pore water associated with sediments. In this study, we investi- 
gated the stable carbon isotope ratio—63C = (Reampie/Reta — 110°, where R = 
BC/2C and Ry, = 0.0112372—of dissolved inorganic carbon (LCO,) in order 
to investigate the processes affecting the production of dissolved inorganic 
carbon in coastal sediments.* Processes that have a major effect on pore-water 
inorganic carbon are the oxidation of organic carbon, exchange with bottom 
water, and the dissolution and precipitation of CaCO,. The 6"C of CO, is a 
sensitive indicator of the oxidation of organic matter within sediments because 
the 63C of sedimentary organic matter (approximately -20.0 0/00) is much less 
than that of bottom-water LCO, (approximately 0.0 0/00) and CaCO, 
(approximately + 1.0 0/00).3 The expected stoichiometric relationship between 
63C-LCO, and organic matter oxidants has been used to investigate a variety 
of processes in seawater and sediments. Deuser constructed a mass balance 
with the 64°C of LCO, to determine the contribution of organic sulfur to the 
hydrogen sulfide pool in the Black Sea.* Kroopnik has shown that the 6°C of 
LCO, in deep ocean water is controlled mainly by the oxidation of organic 
carbon and the dissolution of CaCO,.° Gradients in 6°C of LCO, in pore 
water from sediment in the Pacific Ocean were used to calculate the organic 
carbon rain rate to sediments.°® 

In the studies discussed above, it was assumed that the organic matter had 
Redfield stoichiometry (C:N:P::106:16:1), a constant isotopic signature, and 
that oxidation occurred without isotopic fractionation. Other studies of the 
isotopic signature of &CO, in pore water suggest that these assumptions may 
not always be valid. Miller showed decreases with depth in the 6°C of ZCO, in 
pore water from sediments of the eastern equatorial Atlantic; he found that 
the UCO, added to the pore water was enriched in '3C with respect to the 
organic matter in the sediments.’ Sayles and Curry found that the flux of 
XCO, from ocean sediments representing a wide range of redox conditions was 
enriched in "°C over that expected from the stoichiometric oxidation of 
Redfield organic matter.’ In both studies, the enrichment was found even after 
CaCO, dissolution was accounted for. McArthur observed an enrichment of 
'3C in pore water CO, that he could not attribute to fractionation during the 
oxidation of organic matter or dissolution of CaCO,.° In highly reducing 
sediments, it has been found that the 6°C of UCO, can increase with depth in 
the sediment.'®'? This increase has been related to the production of highly 
3C-depleted CH, in these sediments. ; 

In this study, we coupled an investigation of the 6'3C of £CO, in pore water 
with a comprehensive field study of pore-water chemistry and sediment envi- 
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ronment at a coastal site in order to define the sources of “CO, to pore water 
and to understand the observed variations in 63C. We conducted the study at a 
coastal site to investigate the effect of seasonal changes in temperature and 
biological activity on the remineralization of organic carbon during early 
diagenesis in coastal sediments. 


METHODS AND SITE DESCRIPTION 
Site Description 


Cores were collected at site M in Buzzards Bay, MA (41°31.25’ N, 70°45.7’ 
W; Figure 12.1), previously described by McNichol et al.’* Briefly, the sam- 
pling site is in 15 m of water and has predominantly silty-clay sediments. The 
sediments contain approximately 20 mg C/g dry weight as organic carbon and 
are primarily sulfate reducing below 1 to 3 cm (Hobbie and Howarth, unpub- 
lished data). The overlying water is oxic throughout the year. There was no 
evidence, such as the exhaustion of dissolved sulfate in pore water or inflec- 
tions in DCO, or 53C-LCO, profiles, that the methane production zone was 
encountered in the sediments used in the studies described here. 

The sampling strategy used to collect the cores and pore-water samples for 
the field study was described by McNichol et al.’ Briefly, five cores were 
collected between October 1983 and March 1985; the exact sampling dates and 
water temperature at the sampling time are listed in Table 12.1. Samples were 
collected for the analysis of XCO,, 5'3C-LCO,, alkalinity (Alk), Ca, PO,, HS, 
DOC, and SO,. In this chapter, we concentrate on the 63C-LCO,, LCO,, and 
Ca results; other results are discussed in McNichol’ and McNichol et al.!4 The 
sediments were sectioned in a nitrogen atmosphere, and pore water was sepa- 
rated by centrifuging the sediment. Pore water was transferred to a 10-mL 
syringe and filtered through a 0.64-1m Nuclepore filter. A small portion of the 
sample was used to rinse the filter. Samples for CO, analysis were collected 
first; a 1-mL sample of pore water was transferred directly into a 1-mL tuber- 
culin syringe and analyzed within the hour. Samples for the analysis of 6'C- 
CO, were taken immediately after collecting the LCO, sample. Water for 
isotopic analysis was filtered directly into a 3-mL syringe, transferred quickly 
into a 2-mL poisoned septum vial, and sealed with no headspace. A few 
crystals of HgCl, were used as the poison. Samples were stored in the dark at 
4°C until analyzed for 6'3C. Isotopic samples were always stripped and ana- 
lyzed within 6 weeks of collection, and usually within 2 weeks. Recent labora- 
tory work has shown that seawater samples can be stored up to 3 months 
without affecting the 53C-£CO, (McNichol and Druffel, unpublished). The 
analytical methods used to analyze YCO,, 53C-DCO,, and Ca are discussed 
below. Subsequent samples were collected for Alk, Ca?+, PO,?, H,S, DOC, 
and SO,2-. Sediment for solid-phase analyses was transferred to clean glass jars 
and stored at -40°C before being freeze-dried. 
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Figure 12.1. Sampling site in Buzzards Bay, MA: x, location of the site. 


Chemical Analyses 


Standard analytical methods were used for the analyses of XCO, and dis- 
solved Ca?*+. £CO, samples were acidified with 2 N H;PO,, stripped with 
helium, and measured by gas chromatography. This analysis was made imme- 
diately after sample collection; the precision of the analyses was +3%. Differ- 
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Table 12.1. Dates on Which the Cores for This Study Were Collected, the Water 
Temperature at the Time of Collection, and the Sediment Diffusion 
Coefficients for ZCO, and Ca 


D, x 10° cm?/sec 





Temperature 
Core Date (°C) Duco, Dea 
Oct. 17, 1983 15 6.4 41 
Dec. 16, 1983 iB 5.3 3.4 
June 20, 1984 16 6.5 4.2 
Aug. 30, 1984 21 hel 4.6 
March 26, 1985 ee 5.0 3.2 


ent analysis techniques were used for the measurement of XCO, during two 
months of the seasonal study. In October 1983, instead of measuring LCO,, 
pH was measured on the first aliquot of pore water collected. In March 1985, a 
different method was used to collect and analyze the YCO, samples because 
the gas chromatograph normally used was not available. For these samples, a 
1-mL aliquot of the filtered sample was stored in a poisoned (HgCl,) 2-mL 
septum vial. The samples were analyzed using a headspace technique within 10 
hr of collection. The precision of the analyses was +10%. A high-precision 
EGTA (ethyleneglycol-bis(2-aminoethylether)-N,N,N’,N’-tetra-acetic acid) ti- 
tration described by Shiller and Gieskes was used to measure calcium.!¢ The 
precision of the Ca?* titration was +0.2%. 

Samples for the analysis of 6C-L2CO, were prepared in the following man- 
ner. Approximately 1 mL of the sample was introduced to an evacuated strip- 
ping chamber containing 1 mL of 100% H;PO,. CO,-free nitrogen gas intro- 
duced through a glass frit underneath the sample was used to mix the acid and 
water and to strip CO, from the solution. The CO, collected was purified, and 
its isotopic ratio was measured on a VG-Micromass 602E mass spectrometer. 
Batches of local surface seawater were used to calculate the precision of the 
total analysis. Based on the analysis of 21 samples from two batches of seawa- 
ter, the precision of the isotopic analysis is +0.2 0/00. The 5%C of solid-phase 
organic carbon (C,,,) was measured on sediment samples prepared using a 
closed-tube combustion technique first reported by Sofer."’ 


RESULTS 


Depth profiles of &CO,, 63C-LCO,, and Ca?* in site M sediments are 
presented in Figure 12.2. The sediment profiles of 6'*C-LCO, show an overall 
decrease with depth to a value of approximately -10.0 0/00. In the October 
1983 and June 1984 profiles, there is a minimum in the 63C profile between 4 
and 10 cm. The relationship of 5'3C-2CO, to CO, is shown in Figure 12.3; a 
negative correlation is apparent. Data collected between 0 and 4 cm in June 
1984 are represented separately because they appear to be enriched in °C. This 
anomaly will be discussed later. The concentrations of Ca?+ remained rela- 
tively constant over the depths sampled except in two months. In June 1984 
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Figure 12.2. 
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Depth profiles of 6'SC-LCO,, ECO3, and Ca2+ for the five cores that were 
collected as part of this study. The bottom water concentration is represented 
by the point that is centered on the x-axis. The sampling interval for these 
sediments was 0.5 cm in the upper 4 cm of the sediment column and 1.0 cm 
below 4 cm, except in October, when the interval was 1.0 cm above 4 cm and 
2.0 cm below 4 cm. 


SRRBASuUuo 


and March 1985, the concentration of Ca2+ showed large maxima in the sur- 
face 4cm. The 63C of C,., (Figure 12.4) changed little with depth and time; the 
average 6°C of C,,, is -20.6 + 0.2 0/00. 
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Figure 12.3. Variation of 5'3C with £CO, for the five cores sampled. The data from June 
1984 which appear to lie on a different curve from the rest of the data are all 
from samples collected between 0 and 4 cm in the sediments. 


DISCUSSION 


The data collected in this study were used to investigate the sources of 
inorganic carbon to the pore water at site M. The oxidation of organic carbon 
in these sediments is an efficient process; 70-90% of the organic matter that 
reaches the sediment water interface is oxidized in the upper 30 cm of the 
sediments column.'* In general, the oxidation of organic matter will increase 
the concentration of carbon in the pore water and decrease 6'%C-LCOQ). 
Exchange with bottom water will dilute the signal from oxidation by mixing in 
water with a relatively low carbon concentration and high isotopic ratio. The 
dissolution of CaCO, will increase the concentration of ECO, and have no 
effect or slightly increase the §3C-LCO,, and precipitation of CaCO, will have 
the opposite effect. The negative correlation between 543C and LCO, shown in 
Figure 12.3 indicates that the oxidation of organic carbon is an important 
process in these sediments. To fully understand the data, it is necessary to 
construct a model describing the processes affecting the 6'3C-LZCO, in coastal 
sediments. Physical disturbances such as mixing by tides and waves or biologi- 
cal activity can enhance the exchange between pore water and the overlying 
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Figure 12.4. Measured values of 5'°C-C,,, in the sediments at site M. The length of the 
symbol represents the sediment interval which was sampled. 


water column. Microbial communities in the sediments oxidize organic matter 
at different rates depending on the availability and quality of the organic 
matter, the temperature, and location and size of the microbial population. We 
have constructed a model which accounts for the effects these factors will have 
on the 6%C-LCO, profile in the sediments at site M. 
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Isotope Model Description 


The model used to describe the profiles of 5'°3C-L2CO, is a diffusion- 
advection-reaction model in which the reaction term encompasses the oxida- 
tion of organic carbon and the dissolution or precipitation of CaCO,, and a 
term which describes enhanced exchange with bottom water has been added. 
The model is shown in Figure 12.5. Changes in the concentration of DCO, due 
to oxidation of organic matter or equilibration with CaCO, are described by a 
CO,-production rate, R,(z). The function R,(z) is defined as two exponentially 
decreasing terms. The first term is used from the surface of the sediments to a 
depth, z, and the second is used below z,. This function was based on a study 
by Westrich and Berner, which showed that phytoplankton remains consist of 
two “metabolizable” fractions and a nondegradable fraction.'* The degradable 
fractions decompose at rates that decrease exponentially with time. The func- 
tions describing R,(z) are 


R, = R, exp(-6,z) from 0 to z, (12.2) 
R, = R, exp(-6,(z - Z,)) from z, to (12.3) 


where z, is the depth at which the rapidly degradable material is exhausted and 
R,» = R, exp(-6:2,). As defined, R.(z) also includes the net effects of equilibra- 
tion with CaCO. However, in these sediments, the shape of the profile is most 
likely dominated by oxidation because the profiles of dissolved Ca indicate 
that there is not a lot of dissolution or precipitation of CaCO,. The two 
months in which dissolution appear to be important are June 1984 and March 
1985. McNichol et al. showed that in June 1984 the dissolution of CaCO, 
accounts for only 2% of the DCO, produced." As is discussed shortly, this 
model was not applied to the March 1985 data. 

The enhanced transport of DCO, due to biological irrigation was described 
using the nonlocal source model of Emerson and Bender.!9 In this model, an 
exchange parameter, a(z), is defined to allow direct exchange between bottom 
water and sediment pore water at any depth in the sediments, as indicated in 
Figure 12.5. Sediment diffusion coefficients (D,) were calculated from the 
seawater molecular diffusion coefficients (D,,,:) with the following equation: 


D, = Dmoi/@? (12.4) 


where 6 = tortuosity of the sediments, and 
6 = $(R/R,) (12.5) 


where ¢ is porosity and R/R, is the ratio of resistivity of bulk sediment to 
interstitial fluid. In these sediments, D, = 0.65 Dj. The values of Dyo 
reported in Li and Gregory were first corrected to the observed temperatures.” 
The calculated values of D, are listed in Table 12.1. 

To use the model to calculate the 65°C of UCO, added to the pore water, 
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Table 12.2. Parameters Used to Fit the Observed 5'°C-rCO, and £CO, Data 





R,(2) 
Ro 

Date 8 8Cpagene (1079) By Bp Zp opn(2Z) 
Oct. 1983 -14.6 5.8 0.19 4.80 5.4 3.5 x 10-® exp(-a) 
June 1984 -6.3 5.1 0.14 0.20 3.3 3.7_x, 10-4 

5.6 x 107° exp (-b) 
Aug. 1984 -10.8 7.5 0.30 0.32 0.3 1.8 x 10-® exp(—c) 
Dec. 1983 —10.0 
March 1985 —10.4 


Barecee SEKser td AeDkiee AE eee DOTA Os Ie at ee 

Notes: The model fits to the isotopic data shown in Figure 12.6. 5'SC,4g is the value of 5'°C of 
CO, added during early diagenesis; in December 1983 and March 1985, 5'9Cadq Was 
calculated using core-top gradients. R,(z) is the function R, exp(—61Z) used to describe 
the CO.-production rate; if two exponential functions are used, the second is Ro 
exp[-6,(z — z,)], where Rp = R, exp(—84Zp). epn(Z) is the function used to describe the 
irrigation term. a = 2/2.63; b = 2/4; c = 2/4.34. 


equations must be written for each stable isotope of carbon, °C and C. The 
equation describing the change of UCO, with time and depth is 


AE*CO,/dt = Dyco,(?£*CO,/dz2) - a(z)(Z*CO, - E*CO,,) + *R.@) (12.6) 


In this equation, the superscript a refers to the carbon atom under consider- 
ation (i.e., 2C or 3C), UCO,, is the bottom-water LCO, concentration, and 
the other parameters are discussed below. The concentrations of the individual 
isotopes in carbon reservoirs were calculated from measured values of 6°C and 
the concentration of total carbon in each reservoir. The diffusion coefficient, 
Duco, (em?/ sec), is the sediment diffusion coefficient for HCO; listed in Table 
12.1. It is assumed that the diffusion coefficients of HCO, and HCO, are 
the same because the actual difference is inversely proportional to the ratio of 
the square root of the masses and thus is negligible. 

The model is used to calculate the profiles of 5'3C-£2CO, expected at site M, 
where the seasonal rates of oxidation and nonlocal exchange are well known. 
In a study of the rates of oxidation of organic carbon at site M, values of R,(z) 
were defined using a model similar to the one described here to reproduce the 
profiles of 2CO, observed in the same cores used in this study.'* The values 

_reported by McNichol et al. are listed in Table 12.2 and are used in the isotope 
model.'4 McNichol et al. found that the profiles of “CO, were fit well using 
these values and that changing R,(z) by a factor of two greatly changed the 
model-predicted profiles."4 

The effects of biological irrigation on exchange between bottom water and 
pore water at site M have been studied extensively using ??Rn.?! Martin and 
Sayles used ”7Rn profiles to define an irrigation parameter for Rn, a,(Z), on 
cores collected seasonally at site M. We used the values of ap, (Z) reported by 
Martin and Sayles for the months of October 1982, June 1984, and September 
1983 to model carbon isotope data from October 1983, June 1984, and August 
1984, respectively; the values are listed in Table 12.2.2! Martin and Sayles also 
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showed that irrigation was not an important exchange mechanism in the colder 
months.”! Martin has estimated that the calculated values of a g,(z) are known 
to £20% (personal communication). We adjusted ag,(z) to a(z) using the 
diffusion coefficients of HCO, and Rn. 

To solve Equation 12.1, we assumed that the observed isotopic profiles were 
at steady-state concentrations, i.e., 9L*CO,/dt = 0. McNichol used a non- 
steady-state model to show that, at reaction and irrigation rates typical of the 
sediments at site M, a steady-state approximation is only valid in warmer 
months.'* In these months, using an extreme assumption about initial condi- 
tions, it takes about 4 weeks for the sediments DCO, profile to reach 80% of 
its steady-state profile. Under more realistic conditions, the approach to 
steady state will be more rapid. Because of the steady-state assumption, it is 
only possible to apply this model to data from October 1983, June 1984, and 
August 1984. 

Using the above-defined parameters, the only parameter necessary to define 
is a value for the 6°C of the carbon added (5°C,,,) to the sediments during 
early diagenesis. We have approached the definition of 6"C, 4 in two ways. 
First, we generated sediment profiles of 5!3C-£CO, using values of 6°C. a, Of 
-20 0/00 and -10 0/00. Second, we used a grid-search method to optimize the 
model fit to the data by varying the value of 53C,,,.22 The fits obtained for 
October 1983, June 1984, and August 1984 are shown in Figure 12.6 (solid 
lines); the best-fit value for 6'3C,,, determined using the model is listed in Table 
£212: 


Isotope Model Results 


It is apparent from Figure 12.6 that, except in August 1984, the model does 
not describe the data well. The model does reproduce the general shape of the 
profile by indicating that there is a sharp gradient at the interface and a local 
minimum at approximately 4 cm. The model does not reproduce the magni- 
tude of the maxima and/or minima observed in the data. As mentioned earlier, 
the isotope model is similar to the model that was used to accurately describe 
the LCO, profiles observed at this site.'4 The inability of the isotope model to 
describe the observed isotopic data accurately when the LCO, profiles were 
well described with a similar model suggests that the latter model describing 
the YCO, profile does not take into account all the processes affecting LCO, in 
pore waters. 

Although the model was not able to reproduce all the features of the 
observed profiles, there is a clear indication that 6°C,4q in the pore water was 
enriched in °C with respect to Core (6C = -20.6 0/00). In each of the plots in 
Figure 12.6, the expected profile of 6'3C-LCO, assuming that 63C,aq is -20 0/ 
00 (dashed line) consistently predicts values much lower than those observed in 
the field. Using a value of -10 0/00 for 6C.4a (dotted line) generates a profile 
that more closely approximates the observed data in June 1984 and-August 
1984, but is too enriched in 3C in October 1983. Even using a value of -10 0/00 
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Model-derived profiles of 5'°C-£CO, for October 1983, June 1984, and August 
1984. The data are represented by the open symbols; the calculated best-fit is 
represented by the solid line. The model fit found using 8'3Cauq = —10 0/00 is 
shown with the dotted line, and the fit using 5'°C,gg = —20 0/00 is shown with 


the dashed line. 


262 ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


in June 1984, it is not possible to reproduce the data collected between 0 and 4 
cm in June 1984. The anomalous '3C enrichment observed in these samples is 
discussed later. 

Using the grid-search method to obtain the best fit, the model-predicted 
value for 6%C, 4 is -14.6 0/00 in October 1983, -6.3 0/00 in June 1984, and 
-10.8 0/00 in August 1984. In the colder months, when this model is inappro- 
priate, we used the core-top gradient in 6'3C-LCO, to evaluate 6°C,44; 6C,aq is 
-10.0 0/00 in December 1983 and -10.4 0/00 in March 1985. Thus, data from 
all the cores indicate that the inorganic carbon added to the pore water during 
early diagenesis is enriched in '3C with respect to C,,, (6°C = -20.6 0/00). 
Several possible explanations could account for this enrichment. A significant 
amount of CO, may be produced from the dissolution of CaCO,, carbon 
isotopes may be fractionated during the oxidation of C,,,, or there may be an 
unidentified source of '3C-enriched carbon to the pore water. These hypotheses 
are discussed below. 


Dissolution of CaCO, 


The concentration of Ca?* in the pore water was measured to monitor the 
dissolution or precipitation of CaCO,. The only significant increases or 
decreases in dissolved Ca?+ were observed in June 1984 and March 1985. In 
these months, the magnitude of the dissolution is still too small to account for 
the isotopic differences between the added carbon and C,,,'* and can never 
account for values greater than 2.0 0/00. In June 1984, McNichol et al. calcu- 
lated that dissolution of CaCO, could account for 2% of the CO, produced.'4 
If the 6'C of the dissolving CaCO, is 1.7 0/00, the average value measured on 
shells in these sediments,'> and the rest of the DCO, produced was from the 
oxidation of organic carbon, the value of 6C,,, would change only from 
-20.6 0/00 to -20.1 0/00. In March 1985, CaCO, dissolution has the largest 
effect, accounting for almost 25% of the diffusive carbon flux across the 
sediment-water interface, but even this large contribution will only change 
63C,4q from -20.6 0/00 to -15.2 0/00. 


Fractionation of Carbon Isotopes During the Oxidation of Cog 

It is possible that the CO, produced during the oxidation of Core iS isotopi- 
cally distinct from the bulk organic carbon. In a coastal environment it is 
difficult to evaluate this possibility using field data since extensive mixing of 
the sediments makes it unlikely that a significant gradient could be observed in 
the 6%C of C,,,. Also, it is difficult to define the 53C of the organic matter 
deposited at the sediment-water interface because of the difficulty in collecting 
a sample of sedimenting organic matter that has not been contaminated with 
resuspended matter. 

In order to investigate the possibility of fractionation during organic carbon 
oxidation, we conducted laboratory studies to define the 63C of DCO, arising 
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Table 12.3. Values of 5'3Coxp (o/oo) Calculated from the Laboratory Experiments 


t (days) 0-3 cm 12-15 cm 18-21 cm 
2 -19.8 + 4.8 A 
8 -16.6 + 2.5 D 2 
19 -16.9 + 1.7 n.s. n.s. 
Si n.s. -16.6 + 4.0 —26.3 + 9.8 
46 —21.2 + 2.1 -20.9 + 3.9 —23.6 + 4.1 


Note: The left-hand column indicates the length of the incubation, and the top row indicates the 
depth from which the sediment was collected. 
n.s.—no sample taken. 
*_Observed concentration changes too small for significant calculations. 


from the oxidation of C,,, in Buzzards Bay sediments.'** The experiments 
were conducted in a controlled environment, allowing us to observe organic 
carbon oxidation in these sediments without the complications of diffusion, 
irrigation, and mixing. The 6°C of UCO, added over time in the pore water 
(63C,,,) during the experiments was calculated using a mass balance. Since 
there was little net dissolution or precipitation of CaCO, over the course of the 
experiment, we assume that the value of 5'C,,,, represents the average 6°C of 
the total organic carbon that is oxidized in the sediments. Table 12.3 lists the 
values of 5'3C,,, that were calculated. In the surface sediments (0-3 cm inter- 
val), the results indicate that 54C,,, is greater than that of the organic carbon 
in the sediments (-20.6 0/00). Most of the results from the deeper sediments 
(12-15 and 18-21 cm intervals) indicate that the 6"C of the added carbon is 
equal to or more !3C-depleted than the sediment organic carbon. In the surface 
interval, the rate of microbial activity is great enough for large changes to be 
observed in the values of 5'3C-£CO, and ©CO, over a short period of time. 
Thus, time-dependent artifacts resulting from long-term incubations of the 
sediment are minimized. Additionally, the values of 5°C,,,, calculated from the 
0-3 cm interval are believed to represent most accurately the fractionation of 
C,,., that would be observed in the field in the zone of rapid remineralization. 
Using all the data from 0-3 cm, we calculate that the weighted average value of 
68C,,, is -18.6 + 1.5 0/00. This value is significantly (1 0) greater than the 6%C 
of Cy... 

These laboratory studies suggest that one reason modeling the field data 
produces an unexpected value for the 6'°C of added carbon is that there is 
fractionation during the oxidation of organic carbon in the sediments. Addi- 
tionally, the apparent difference between 6'°C,,, in the surface and deep sedi- 
ments may mean that the model assumption that 6'°C,,, is constant with depth 
is an approximation, and a more realistic model might take this into account. 
It is also possible that these results are due to the exchange of CO,* with 
CaCO, present in the sediments or to the uptake of CO, during chemosynthesis 
or other microbial processes (e.g., anaplerotic sequences). Isotopic exchange 
with CaCO, is not a likely explanation of the 13C enrichment because the rates 
of exchange would have to be faster than reasonably expected. Based on the 
maximum amount of O, available, any microbially produced organic matter 
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would need a 62C of -100 0/00 or less to account for the results observed here; 
this is very unlikely. Further studies are needed to confirm that there is a 
fractionation occurring during the oxidation of organic matter in sediments. 

The observed fractionation during the oxidation of organic carbon may be 
the result of selective remineralization of different compounds. At a molecular 
level, the microorganisms responsible for the oxidation of C,,, may cleave 
carboxyl groups selectively from molecules. Carboxyl carbons are known to be 
enriched in °C with respect to the rest of the molecule. Carbohydrates and 
amino acids, relatively labile compounds that are relatively enriched with 3C,?5 
may also be degraded preferentially. Finally, the observed fractionation may 
be the result of the multiple sources of carbon to the sediment-water interface 
in coastal areas. The organic carbon is most likely a mixture of phytoplankton, 
terrestrial, and salt marsh carbon. Phytoplankton carbon is very reactive!® and 
is most likely the first fraction to be degraded. The calculated value of dUCzs; 
-18.5 0/00, is close to that measured on a plankton tow sample from Buzzards 
Bay (-17.7 0/00)'° and is within the range of values previously measured for 
plankton in the North Atlantic and Pacific.”°2” The isotopic similarity between 
phytoplankton carbon and 6C,,, implies that the oxidized carbon is phyto- 
plankton derived and may reflect the reactivity of the planktonic organic 
matter. 

The rate of carbon remineralization in Buzzards Bay sediments was calcu- 
lated to be 69 g C/m? year.'4 The postulation of fractionation during the 
oxidation of organic carbon appears inconsistent with the lack of a gradient in 
6°C-C,,, with depth in the sediments (Figure 12.4); we would expect 3C- = Ore 
to change from -19 0/00 to -21 0/00 with depth in the sediments. However, the 
results from the laboratory studies indicated that the fractionation is limited to 
the surface of the sediments, an area where the sediments are so rapidly mixed 
that a gradient would not be seen. 


Role of Dissolved Organic Carbon (DOC) in Fractionation 


At the surface of sediments, the concentration of DOC in pore water 
increases with depth because DOC is produced from either the oxidation or 
dissolution of C,,,. If oxidation or dissolution occurs with fractionation which 
results in relatively '3C-depleted DOC (i.e., 58 Cyoc < 6! Coy SOOBC gy) a then 
production of DOC could explain the ee isotope imbalance i in the model 
studies. Isotopic studies of DOC in the ocean indicate that the 63C of DOC in 
the water column is either the same as or greater than that of particulate 
organic carbon (POC).”*-° In the pore waters of reducing sediment, the 63C of 
DOC was found to be the same as or less than that of the Cog: 13 However, a 
recent study indicates that the methods commonly used to ineasure DOC may 
underestimate the concentration of DOC by a factor of two or three.2! The 
stable carbon isotopic content of the unmeasured DOC is unknown. DOC i is 
composed of a variety of compounds, such as lipids and amino acids, of which 
only a small percentage have been characterized. These compounds have very 
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different reactivities, 6'3C signatures, and most likely have very different 
mobilities in pore water. However, there is little known about the rate of 
transfer of DOC from pore water to overlying water. This rate is dependent on 
the concentration of DOC and its diffusivity; the diffusivity is related to the 
size and reactivity of DOC. Observed DOC gradients suggest that DOC dif- 
fuses from pore water to overlying water at site M.!>? Studies of the size of 
DOC in coastal pore water show that 50-90% of the DOC is in a high- 
molecular-weight fraction assumed to diffuse at such a slow rate that diffusion 
could not be an important source of this material to the overlying water.*?*4 
Questions about the reactivity of DOC further cloud the issue of the mobility 
of DOC. It is known that some fraction of DOC is adsorbed by aluminum and 
iron oxides,*> but once the particles are coated, it is uncertain how they will 
react with the remaining DOC. Thus, DOC is a potentially important factor in 
the sedimentary carbon cycle, but at present too little is known to evaluate its 
significance. 


Unidentified Sources of C-Enriched Carbon to the Pore Water 


The fractionation of carbon observed in the laboratory experiments is not 
large enough to explain fully the enrichment of °C observed in YCO, over that 
expected from the unfractionated oxidation of organic matter. Thus, other 
processes must be enriching "C in the pore waters. It is possible that the 
production of acid in pore water during early diagenesis creates conditions 
where exchange between %C and ”C in overlying water and pore water is 
possible. Thus, one source of '%C-enriched carbon may be carbonate ion from 
bottom water. Sayles and Curry have suggested this mechanism may be impor- 
tant in deep-sea sediments,* although McArthur found that this process could 
not explain data from the Madeira Abyssal Plain.’ We used the measured 
values of Alk, [CO,, H,S, and PO,* concentrations in the pore water to 
calculate the concentrations of CO,?,, HCO,, and H,CO,* in bottom water 
and pore water. The concentration of CO,” is much greater in bottom water 
than in pore water (155 pmol/L vs 27 pmol/L). Because of the large concentra- 
tion gradient, there could be a flux of CO,* from bottom water to pore water, 
although there is a net flux of UCO, from pore water to bottom water. Most of 
the carbonate ion would become protonated in the pore water (pH 6.2-7.7) 
and would be transferred back across the interface. This exchange could also 
occur across burrow walls, thus enhancing transport in heavily bioturbated 
areas. 

The magnitude of the proposed flux (J,,,) can be calculated in two ways. One 
method uses the calculated concentrations of CO,?, and the other uses the 
measured isotopic ratios. In both calculations it is assumed that the flux of a 
species to and from bottom water is composed of the diffusive flux across the 
sediment-water interface (J,,) and the flux due to irrigation (I), i-e., J, = Jair + 
I, where 
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Table 12.4. Values Calculated for J,,,, the Amount of the Total Flux of SCO, That Can Be 
Attributed to Recycled Bottom Water Carbonate lon 


Concentration ; 
Month Used Jpw x 101? % J 5'3C-J; 


October 1983 coz" 0.5 2 
13 (-20.6) oat 14 -14.8 
SC (-185) 1.3 6 

December 1983 CO,7— ee 22 
13¢ (-20.6) 3.4 34 -10.1 
13¢ (-18.5) 2.9 29 

June 1984 CO 1.2 15 
13 (-20.6) 1:7 23 -13.3 
13¢ (-18.5) we 16 

August 1984 coa,*- 5.2 11 
'3¢ (-20.6) 13.5 28 -10.5 
WC (185) Aue 23 

March 1985 COZ 1.6 ua 
13¢ (-20.6) + 3.0 16 -10.3 
'3¢ (-18.5) 1.8 10 


Notes: The fluxes were calculated using the concentrations of carbonate ion and again with the 
total dissolved concentrations of ‘°C and '°C. The values in parentheses represent the 
values of 5'°C of [CO, produced from the oxidation of organic carbon assumed for the 
calculation. The fluxes are reported in mol/cm? sec. 


Jair -¢D,AC/Az|,-o (12.7) 
20 20 
I = i -~ da (C, - C,.)dz = Lo - da(C, - C,)Az (12.8) 


Values calculated for the CO, concentration were used to make a direct 
calculation of the expected flux of bottom-water carbonate ion to pore water. 
These fluxes are poorly constrained because the concentrations of CO, are 
known only to within + 25%. The values of J,,, calculated with this method are 
listed in Table 12.4. 

The isotopic data were used to calculate the 6"C of the flux of DCO, (J,), 
and then the following mass balance was used to calculate the amount of the 
XCO, flux across the sediment-water interface that could be attributed to 
recycled bottom-water carbonate ion, J,,,: 


a eet Jes =e Tors oe Jew (12.9) 
BUC It = 8°CoTca + 58CogJorg + 5° Coy Jou (12.10) 


In this calculation it is assumed that 6'°C of CO, is the same as that of XCO,. 
The fractionation between CO,? and HCO, has never been measured. How- 
ever, based on theoretical calculations, the 6C of CO, is approximately 1.5 
0/00 less than the 6C of HCO,-.** Because this fractionation has been ignored 
here, the calculated values of J, are minimum values. The calculations were 
made first by assuming that the 63C of DCO, produced from the oxidation of 
organic carbon was the value determined from the laboratory experiments 
-18.5 0/00, and then by assuming that the oxidation of organic carbon 
occurred without fractionation (6°C = -20.6 0/00). The values for J bw Ccalcu- 
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lated using the isotope data are listed in Table 12.4. Because the values of 53C- 
L©CO,, LCO,, and Ca are known precisely (see “Methods” above), the values 
of J,,, calculated with the isotopic data are known with more certainty than 
those calculated using the carbonate ion concentration. This table also lists the 
63C of J,, and what percentage of the total flux across the sediment-water 
interface J,,, represents, i.e., (J,y/J,)100. The values for June 1984 represent 
the irrigation flux (I) between 6 and 16 cm. Data from the top 4 cm were not 
used because the isotopic values are much heavier than could be obtained in 
this sediment system by any of the processes described so far. These data are 
discussed later. 

The flux calculations indicate that the fluxes calculated using the concentra- 
tions of the carbonate ion data are consistent with the isotopic data and that it 
is possible that the diffusion of bottom-water carbonate ion into the pore 
water is responsible in part for the isotopically heavy values calculated for 
53C,44 from the field data. If this is the only process adding heavy carbon to 
the pore water, then up to 30% of the LCO, flux to the bottom water must be 
recycled bottom-water carbonate ion. Emerson and Bender discussed the 
importance of bottom-water LCO, and the dissolution of CaCO, as sources of 
CO,?- which could neutralize the acid formed from the oxidation of organic 
carbon by oxygen in deep sea sediments.'? Based on their estimates of the 
relative rates of oxidation and dissolution, they concluded that bottom water 
was an unimportant source of carbonate ion. However, the sediments they 
discussed were CaCO,-rich— unlike the coastal sediments studied here—and 
the bottom water was not as supersaturated with respect to calcite as Buzzards 
Bay bottom water. Recent studies suggest that the dissolution rate of CaCO; is 
actually slower than previously reported,’ indicating that diffusion of CO,* 
may be more important than previously expected. In coastal sediments, a 
number of factors may create a situation where bottom-water LCO, could be 
an important source of CO,” to pore water. Decomposition of a large quantity 
of organic matter leads to sulfate reduction and the production of solid-phase 
sulfides. The extensive mixing by organisms, particularly intense at certain 
times of the year, leads to the production of acid, not only from the aerobic 
oxidation of organic matter, but also from the oxidation of solid-phase sul- 
fides. The relative lack of CaCO, in Buzzards Bay sediments, the increased 
diffusional area created by burrows in the bioturbated zones, and the large pH 
difference between the sediments and seawater create an environment where 
carbonate ion from bottom water is likely to be an important neutralizer of 
excess acid produced in the sediments. 

The data from the June 1984 core suggest that diffusion of C-depleted 
H,CO,* from the pore water could also play a role in the enrichment of ?C in 
pore water £CO,. The 6°C of LCO, measured in pore water between 0 and 4 
cm in the core collected in June 1984 is much greater than that observed in any 
other month (Figures 12.3 and 12.4). This core was different from other cores 
sampled at site M in many other aspects also. '4:21,38 The dissolved iron concen- 
tration measured in the sediment interval 0.5-1.0 cm was the highest ever 
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observed in the sediments from site M.3® The ?2Rn/?*Ra data could only be 
explained by assuming that irrigation was constant to 20 cm, although in other 
months the data could be modeled either with an exponentially decreasing 
irrigation term or by assuming no irrigation at all.2! The Alk measured between 
0 and 0.5 cm is less than that in bottom water, unlike other months, where Alk 
was always greater in pore waters than in bottom water.'* These observations 
suggest that the oxidation of solid-phase iron sulfides is significant in this core, 
as has been discussed by Martin*® and McNichol.!’ Other researchers have 
discussed the importance of this process in near-shore sediments.*?° 

The production of strong acid by the oxidation of sulfides with oxygen may 
explain the isotopic data observed in this core. Using the Alk and 2CO, data, 
the pH calculated for the 0-0.5 cm interval in June 1984 is 6.2. At this pH, 
H,CO,* and HCO, are present in approximately equal concentrations. Thus, 
the flux of UCO, from the sediments to bottom water in June 1984 must have 
contained a significant amount of H,CO,*. Using the isotope equilibrium 
constants reported in Deines et al.,*° the fractionation between H,CO,* and 
HCO, is approximately 8 0/00 with H,CO,* enriched in C. It is possible, 
then, that diffusion of H,CO,* from the sediments preferentially removes '#C 
from the sediments. This process might be important in other months to a 
lesser degree. For example, in August 1984, the pH of pore-water samples 
between 0 and 4 cm is also less than 7.0. In Table 12.4, the value calculated for 
J,y in August 1984 using 6%C-LCO, does not agree well with that calculated 
using the carbonate ion concentration. In all other months the agreement is 
much better. Enrichment of °C in pore-water CO, by the loss of '3C-depleted 
H,CO,* could explain this discrepancy. 


SUMMARY AND CONCLUSIONS 


In this study, the isotopic signature of DCO, was used as an indicator of the 
processes affecting LCO, in pore water. The 6°C of DCO, provides a powerful 
tracer of the oxidation of organic matter because the 56'3C of organic carbon is 
so different from that of CaCO, and bottom-water carbonate species. An 
isotope model that accurately described the profiles of "CO, at this site'* could 
not be used to reproduce the observed isotopic profiles. The isotopic data 
indicate that the 6°C of 2CO, added to the sediment pore water was between 
-6.0 and -15.2 0/00, significantly greater than the 63C of Cy, (-20.6 0/00). 
Calculations showed that the dissolution of CaCO, was not responsible for the 
'°C-enrichment and that the enrichment must be due to fractionation during 
organic matter oxidation or to isotopic exchange with bottom water. 

A laboratory study of the oxidation of organic carbon was performed to 
investigate the possibility of fractionation during oxidation. The results of the 
study showed that the 6°C of the organic carbon oxidized was.-18.5 + 1.5 0/ 
00, significantly greater than that of C,,,, but not large enough to explain the 
enrichment observed in the field data. It was uncertain whether the fractiona- 
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tion was due to the variety of sources of organic matter to coastal sediments 
(e.g., terrestrial, salt marsh, or phytoplankton carbon) or the oxidation of 
specific organic compound classes, or whether the production of DOC played 
a role in the fractionation. The influence of DOC is a potentially important 
factor in the stable isotopic signature of sedimentary organic carbon which 
needs to be studied further. 

This study suggests that both DOC and C,,, are labile pools of carbon 
involved in early diagenesis and that they may have very different molecular 
structures. However, the actual effects that early diagenetic reactions have on 
the structure of organic matter associated with sediments and dissolved in pore 
water are not well known. The fate of contaminant organic matter will be 
affected by these reactions, structural alterations, and the molecular structures 
of organic matter; yet, the nature of the effect is difficult to predict without a 
better understanding of these processes. 

Another source of 2C-enriched carbon might be diffusion of bottom-water 
carbonate ion into the sediments, which would neutralize the acid produced 
during the oxidation of organic matter_or the diffusion of '%C-depleted 
H,CO,* from pore water to bottom water. Further studies of these systems are 
necessary to distinguish between these two mechanisms. If isotopic exchange 
with bottom water by either of these mechanisms is important, it will have 
implications for the use of DCO, as an indicator of the amount of carbon 
oxidized in sediments and in the use of 5'C as an indicator of past processes in 
the oceans. 
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CHAPTER 13 


Diffusive Rate Limitations in the Sorption of 
Organic Chemicals 


William P. Ball and Paul V. Roberts 


INTRODUCTION 


It is becoming increasingly evident that the fate of organic contaminants in 
groundwater may be critically dependent upon rates of contaminant transfer 
between the aqueous and solid-bound (sorbed) phases. In the remediation of 
contaminated aquifers, for example, deviations from equilibrium can lead to 
situations where the majority of a contaminant is left in the solid phase long 
after aqueous concentrations are reduced to low levels,' and in situ bioreme- 
diation efforts may also be significantly hindered by desorption rate 
limitations.?7 

In solute transport through porous media, the effects of solute diffusion to 
and from regions of immobilization (sorbing solid phases or “dead zones” of 
immobile water) have been extensively studied by chemical engineers, environ- 
mental engineers, and earth scientists. Where natural soils, sediments, and 
aquifer solids are involved, the nature of the immobile regions is often poorly 
understood, and the diffusive mechanism difficult to isolate and understand. 
It is clear, however, that the influence of diffusive rate limitations will be most 
important where (1) the capacity of the immobile regions for solute is high 
relative to the capacity of mobile regions, and (2) the rate of solute uptake and 
release by immobile regions is low relative to the rates of advective transport 
and hydrodynamic dispersion.*°® Because of the often strong affinity of non- 
polar organics for the sorbed phase, the capacity of immobile regions for these 
solutes is potentially quite high, even at low porosity. Where transfer rates are 
sufficiently slow, large effects on transport are anticipated. 

In this review, we consider the potential role of sorption rate limitations in 
the transport of organic solutes through natural solids, with emphasis on 
solute diffusion at the scale of individual particles of unconsolidated material. 
We begin with a brief review of field and column transport studies that have 
implied sorption or desorption rate limitations. This is followed by a review of 
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recent batch sorption/desorption experiments with organic chemicals and nat- 
ural sorbents (soils, sediments, and aquifer solids). Emphasis is placed on 
recent studies which have either (1) suggested the presence of significant rate 
resistance or (2) provided insight into the mechanisms of rate limitation. In the 
context of understanding the potential sources of slow diffusion in sediments 
and aquifer solids, we also review literature describing diffusion in rock slabs, 
synthetic sorbents, and organic phases. Studies with these materials provide 
insight as to the potential magnitude of diffusive rate processes in media 
relevant to soil solids. 


RATE IMPLICATIONS FROM TRANSPORT STUDIES 
The Borden Field Experiment 


A three-year field experiment was conducted by a team of researchers from 
Stanford University and the University of Waterloo, with the intent of evaluat- 
ing field-scale groundwater transport of dissolved hazardous chemicals.!° Two 
tracers and five organic solutes were simultaneously injected, under natural 
gradient conditions, below the water table of an aquifer underlying an aban- 
doned sand quarry in Borden, Ontario. The project involved extensive moni- 
toring of solute movement over two years, together with concurrent modeling 
efforts and laboratory work using aquifer solids from the site. The study has 
been described in a series of articles.!!-5 

Of the injected organic solutes, two —tetrachloroethene (PCE) and carbon 
tetrachloride (CCI,)—exhibited an apparent conservation of mass, as calcu- 
lated from the sum of aqueous mass and estimated sorbed mass, each calcu- 
lated from spatial distributions of contaminant at several times. For the pur- 
poses of these mass balance calculations, aqueous mass was integrated directly 
from the plumes’ zeroth moments!” and sorbed mass was calculated using 
instantaneous velocity estimates (apparent retardation factors) inferred from 
the spatial first moment data.'? Centers of mass for all five of the organic 
plumes were observed to decrease in velocity over the course of the project, in 
contrast to chloride and bromide, which moved at a constant rate of roughly 9 
cm/day (Figure 13.1). A number of possible explanations for the organic 
solute behavior have been investigated, including nonlinearity of isotherms, 
increasing sorption capacity downgradient, and mass transfer limitations. Iso- 
therms have been shown to be sufficiently linear as to not cause the observed 
behavior'*'®!” and available sorption results with cored aquifer material show 
no significant increase in partitioning downgradient.'® As noted by Roberts et 
al.,!° the preponderance of evidence points toward a sorption rate limitation at 
the Borden site. 

Goltz and Roberts have shown that spatial moment behavior of the type 
reflected in Figure 13.1 is a predictable result of nonequilibrium sorption.!9 
The same mass transfer parameters used to fit spatial data were also shown to 
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Figure 13.1. Distances traveled by plume centers of mass in the horizontal plane, as 
estimated from sampling data taken during the Borden transport experiment. 
From Roberts et al.'? 


qualitatively simulate the tailing observed in breakthrough data from near- 
field sampling points in the Borden field study.'*!° With regard to the appar- 
ent sorption nonequilibrium at the Borden site, it is important to note that the 
aquifer is unconfined and that the unconsolidated solids are comprised largely 
of sand-size grains which are almost devoid of clay minerals and very low in 
organic carbon content.”! Thus, diffusion through very thick organic layers or 
clay lenses can be ruled out. Pore diffusion into intraparticle regions or 
strongly sorbing zones of immobile water are thus implied. Interpretation is 
possible assuming either layered or spherical geometries for the regions of 
immobilized solute. In this regard, significant rate limitation has been found at 
the scale of the primary solid particles, but the very slow implied field transfer 
rates suggest that still greater resistance to mass transfer occurs in the field, 
possibly due to aggregation or layering of particles to create larger zones of 
low hydraulic conductivity. Specific rate constants implied by the field data are 
discussed later in this chapter, following review of the batch diffusion results 
with Borden solids. 

Evidence of sorption and desorption mass transfer limitations has been 
extensively observed in other field studies as well, including numerous cases of 
slow elution during “pump and treat” remediation,” as well as breakthrough 
curve tailing in controlled field studies. Some of the more controlled field 
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studies are briefly reviewed below, as evidence that field-scale nonequilibrium 
transport is not unique to the Borden site. 


Other Field Studies 


Roberts et al. have documented nonequilibrium trichloroethene (TCE) 
transport during a well-controlled field experiment of in situ biorestoration at 
Moffett Naval Air Station in Santa Clara County, CA.?34 During the initial 
breakthrough experiments, significant tailing was observed in TCE’s approach 
toward steady-state concentration, well beyond that observed for a nonsorbing 
tracer (bromide). During elution, low levels of TCE continued to leach from 
the system after more than 100 pore volumes, whereas 50% breakthrough of 
TCE was originally obtained after only about 7 pore volumes of contaminant 
feed. Laboratory work with well-mixed solids has demonstrated that intrapar- 
ticle sorption continues to occur after 30 days, and nonequilibrium in the field 
is reasonably well described by intraparticle diffusion rates measured in the 
batch systems.?5 

In another well-controlled field experiment in Ottawa, Canada,”° Harrison 
and Barker observed that model fits for TCE breakthrough required 30 to 40 
times more apparent dispersivity than for the nonsorbing tracer (iodide). The 
discrepancy was attributed to mass transfer limitations between dissolved 
solute and the aquifer solids. 

Bahr has described a hazardous waste disposal site where transport of 
organic solutes (tetrahydrofuran and diethylether) deviated significantly from 
that anticipated on the basis of local equilibrium.’ Using velocities and disper- 
sivities estimated from a field-scale tracer test, Bahr used first-order numerical 
transport models to demonstrate that organic contaminant transport reflected 
a significant mass transfer resistance to sorption and desorption. 

Pignatello et al. have described a field-scale study of EDB fate and trans- 
port, from which they conclude that nonequilibrium sorption and desorption 
were primary factors in the persistence of this chemical over several decades at 
the field site.** In this study, the “entrapment” of EDB molecules in micropores 
of soil particles or stable particle aggregates was believed to inhibit its biologi- 
cal degradation as well as its transport. 

At a field site on Cape Cod, MA, Wood et al. have shown that a solute 
subject to ion exchange (lithium, Li+) underwent additional dispersive mecha- 
nisms beyond those affecting a conservative tracer (bromide, Br-).?? The 
authors attribute the additional dispersion to mass transfer limitations associ- 
ated with lithium diffusion into and out of the porous interiors of rock grains. 
Slow uptake at the grain scale was demonstrated through separate batch exper- 
iments with a sodium isotope (?2Na*) as penetrating solute. As discussed previ- 
ously (and further elaborated later in this chapter), intragranular diffusion has 
also been proposed as an important source of sorption rate limitation in the 
Borden material. Although the mineralogical compositions of the Cape Cod 
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and Borden sites are significantly different, both aquifers contain fragments of 
clastic rock with low levels of porosity.?!° 

The potential significance of mass transfer limitations in field-scale trans- 
port is thus clear, but questions still abound about the most important domains 
of diffusion in real hydrogeologic environments. Distinction between large- 
scale rate limitations (as caused, for example, by sorbing layers of low permea- 
bility) and smaller (grain-) scale rate limitations is generally not possible from 
field data alone.!® Laboratory studies can serve to resolve some of these issues. 
As discussed in the sections which follow, however, long-term laboratory study 
may be needed to properly simulate field phenomena. 


Laboratory Column Studies 


Soil column experiments are often used to evaluate sorption equilibrium, 
rate, or both. Such columns are typically conducted in short columns and at 
flow rates ranging between 2 and 200 cm/hr. Because of the comparatively 
short soil-chemical contact time, column studies are prone to nonequilibrium 
effects at faster sorption and desorption rates than longer-term studies. 
Although this is a useful means of observing large effects, the studies may not 
accurately measure the capacity or rates associated with the most slowly 
addressed regions of solute sorption. Nonetheless, column experiments can 
provide useful data and have been a primary motivating force for the develop- 
ment of nonequilibrium solute transport models in soil systems. Numerous 
investigators have observed tailing in soil column breakthrough curves and, 
with varying degrees of success, have been able to model the observed behavior 
through nonequilibrium transport codes.*3°*” Brusseau and Rao provide an 
overview of this literature and also discuss other processes which may lead to 
deviations from simple local equilibrium in organic solute transport.** 

As noted above, most column experiments performed to date would not be 
sensitive to very slow rate processes. In such columns, slowly addressed sorp- 
tion capacity has little effect on transport and can be modeled simply by 
lowering the partitioning coefficient below the true, long-term value. Rate 
parameters, where fitted, will model some more rapid (and readily apparent) 
rate process. Estimates of partition coefficients for column transport studies 
have sometimes been estimated independently through batch study, but values 
have often required subsequent adjustment in order to fit column data at 
different velocities.2435 Furthermore, separate batch partitioning measure- 
ments may be biased in a similar manner as the soil column data—i.e., taken 
over a similar time scale and also not at equilibrium—such that fortuitous 
agreement may be achieved using the “independent” K,. If conducted under 
the proper conditions and for a sufficiently long time, however, batch studies 
can be a useful means of addressing long-term uptake. Although there is much 
variability with respect to reported equilibration times, carefully conducted 
soil sorption studies have demonstrated that organic solute equilibrium with 
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natural solids can take weeks, months, or even years to obtain. Some of these 
studies are reviewed in sections which follow. 


SORPTION RATE IMPLICATIONS FROM BATCH STUDIES 


Reported equilibrium times for sorption of organic chemicals by soils, sedi- 
ments, and aquifer solids have shown great variability, as illustrated by Table 
13.1. While many studies have reported equilibrium to be complete within 
hours or days, the number of studies reporting equilibrium times of “weeks to 
months” or “weeks to years” is steadily increasing. It is likely that true equilib- 
rium may not have been attained in many of the early time cases, particularly 
since long-term samples (equilibrations on the order of weeks or months) were 
rarely evaluated for the possibility of slow but continuing uptake. The accu- 
rate determination of equilibrium uptake can be particularly difficult to mea- 
sure where there are long-term continuing losses of chemical from the system 
and sorption occurs at comparatively slow rates. Sources of long-term solute 
loss include partitioning into, and diffusion through, septa or other sample 
seals'* and chemical or biological transformation.?? On the other hand, bacte- 
rial inhibition must also be used with caution, since many treatments have 
been shown to change a soil’s properties.4°-# 

The variability reflected in Table 13.1 inspired Karickhoff to make the 
following comment: 


A great deal of confusion exists in the sorption literature regarding the speed of 
attainment of sorption equilibrium. . . . Current knowledge of this process (or 
processes) is incomplete or in some cases conflicting, but this author is very 
perplexed by the failure of most sorption reports to acknowledge any evidence of 
a “resistant” sorption component. 


Additional, possibly related, confusion arises from the wide variety of poten- 
tial sources of artifact in experimental sorption and desorption work.*-4 In 
addition to the problems of solute loss or transformation previously noted, 
artifacts can result from partitioning to unseparated colloidal material ,**48 or 
partitioning to solids filtration equipment. In addition, where radiochemicals 
are used, radiochemical impurity can be an important source of error, requir- 
ing careful measurement and consideration. !7“9 

These problems notwithstanding, batch sorption experiments have recently 
been successful in uncovering some very slow rates of organic solute sorption 
and desorption. In this review, we emphasize experimental work which has 
suggested a slowly sorbing component in the uptake or release of nonpolar 
organic chemicals. First, however, it is useful to review the theoretical frame- 
work and establish a consistent set of notation for intrasorbent diffusion. 
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280 ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 
Conceptual Framework for Intrasorbent Diffusion 


Sorption of dissolved solute by a solid matrix, whether as adsorption to 
mineral surfaces or partitioning with nonaqueous organic phases, requires the 
transfer of solute from bulk solution to sites of immobilization. Resistance to 
such mass transfer may stem from transport across a fluid boundary layer 
external to the particle (external mass transfer), from diffusion to internal sites 
of the immobile phase (intrasorbent diffusion), or from rate limitations of the 
sorption process itself (chemical kinetics). For porous or solid sorbents, these 
processes are generally perceived as occurring in series, although the order of 
the last two processes will depend upon the nature of the diffusive process 
(i.e., aqueous-or sorbed-phase diffusion). For slow rates of observed uptake in 
batch systems, appropriate sample mixing will ensure that external mass trans- 
fer is rapid relative to the overall rate of uptake, except at very early times 
(when the driving force for intrasorbent diffusion is exceptionally high). For 
nonpolar organic chemicals, physical adsorption or partitioning to organic 
phases are the dominant processes and are believed to be sufficiently rapid as 
to not influence solute transport.°° 

In the studies reviewed subsequently, investigators have usually assumed 
that resistance to solute uptake or release was due to some sort of diffusional 
limitation within the sorbing phase. Where first-order rate models have been 
used to describe sorption rate processes, either in transport experiments or 
batch study, it has usually been with the explicit understanding that the first- 
order coefficients are approximations for physical diffusion into regions of 
solute immobilization. In well-mixed batch systems, such diffusion must nec- 
essarily be associated with primary sorbent particles since significant regions 
of immobile water do not exist. 

The driving force for intrasorbent diffusion may thus be either the concen- 
tration gradient of solute in the intraparticle pore water (pore diffusion), the 
concentration of sorbed solute on the pore walls (surface diffusion), or, for 
nonaqueous sorbing phases, the concentration of chemical in that phase. For 
transient conditions of uptake into a sorbent, mass balance considerations 
over a volume element of the porous sorbent can be combined with Fick’s first 
law of diffusion to obtain 


«(0C/dt) + p, (0q/dt) = « D, V7(C) + p, D, V(q) (13.1) 


where C = solute concentration in intraparticle water, [(mass of 

solute in intraparticle water at radius r and time t)/ 
(volume of intraparticle water)] 

q = sorbed-phase solute concentration, [(mass of solute 
sorbed to intraparticle solids site at radius r and time t)/ 
(mass of total aquifer solids)] 

€, = internal porosity of the immobile phase, [(volume of 
immobile water)/(volume of immobile phase)] 
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P, = apparent density of the immobile phase, [(mass of 
immobile solids)/(volume of immobile phase)] 
= the effective pore diffusion coefficient [L?/T] 
, = the effective surface (or sorbed-phase) diffusion coeffi- 
cient, [L?/T] 
Y? = the Laplacian operator 


o 
| 


0 


0 
| 


For the case of linear partitioning and reversible equilibrium within the pores, 
Equation 13.1 can be rewritten as © 


aC/at = Dp VC) (13.2) 
where the apparent diffusion coefficient is defined as 
D; ara 6D,/(& ae PaKgi) ay Pa2KgD/(E = i p,K4i) (13.3) 
where’ D, = apparent diffusion coefficient [L/T?] 
K,; = partitioning coefficient, considering only the diffu- 
sively limited (internal) sorbed phase, [mass solute 


sorbed to diffusively limited solids per unit mass of 
solids per unit intraparticle aqueous concentration] 


For a spherical geometry, Equation 13.2 can be rewritten as 
aC/dt = (D,/r’) 0/dr[r2(0C/dr)] (13.4) 


Where diffusion of sorbed species is not believed to play an important role 
in the overall rate of uptake, a pore diffusion interpretation may be appropri- 
ate. The pore diffusion model has been well established in the chemical engi- 
neering literature.*'!>? With diffusion only in the aqueous phase, Equation 13.3 
simplifies to 


D, = D,/[1 + (9,/6)Kail (13.5a) 


where the denominator on the right hand side can be equated to an internal 
retardation factor for intraparticle diffusion, R,,,, that is 


D, = D,/Rin (13.5b) 


Some researchers have referred to D, simply as the pore diffusion coeffi- 
cient,** while others have designated it as an effective diffusion coeffi- 
cient .33-3455-59 However, this latter designation has been used by some authors 
to describe D,.'*© To avoid confusion, the term “effective pore diffusivity” 
will be used for D, in this work. 

In contrast to aqueous pore diffusion, some researchers have assumed that 
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diffusion occurs predominantly in the sorbed phase.*! The distinction can be 
important for sorbates with nonlinear isotherms. However, for sorbed-phase 
diffusion with linear partitioning, modeling is equivalent so long as intraparti- 
cle porosity is low (p,K,; > > 6), in which case D, will be numerically 
identical to D,. In the more specific case where diffusion is envisioned to occur 
through organic matter, the apparent (sorbed-phase) diffusivity will be related 
to an intraorganic matter diffusivity. For this mechanism, an accurate calcula- 
tion of the intraorganic diffusivity would have to properly consider the geome- 
try and size of the organic sorbing phase, and sorbed-phase concentrations (q) 
require conversion to reflect actual concentrations in the smaller volume of 
organic matter. For example, organic matter may exist only as an external 
layer (with poorly understood thickness and geometry), or it may exist 
throughout the intraparticle pore spaces of an aggregated particle. 
Intraorganic matter diffusion has been proposed as an important source of 
rate limitation by several investigators.**3 For the reasons noted above, how- 
ever, the quantitative estimation or prediction of intraorganic diffusion coeffi- 
cients in natural material is still elusive. As discussed subsequently in this 
chapter, even the relationship between D, and K, is difficult to predict for 
intraorganic diffusion. 

In the case of pore diffusion (Equations 13.5), the effect of K, on diffusion 
rates is readily apparent, although D, can be difficult to predict. In particular, 
it is important to recognize that D, will be less than the bulk aqueous diffusiv- 
ity in water (D,), since the radial diffusion model assumes simple spherical 
geometry and straight diffusion paths, whereas real systems involve more 
tortuous pathways, dead-end pores, and variability in pore length and diam- 
eter. In addition, for very small pore diameters, pore constrictivity will play an 
important role.°’°* Following Satterfield et al.,57 we write the following 
expression for D,: 


D, = (D,K,)/x (13.6) 


< 

> 
® 

@ 

o 
| 


> = effective pore diffusivity [L?/T] 
= bulk aqueous diffusivity [L?/T] 
, = constrictivity factor (<1) [-] 

= tortuosity factor (=1) [-] 


x» ASD 
Iu 


In some works, 7° is used in lieu of x, with 7 representing the actual pore 
tortuosity, defined as the ratio of actual diffusion path length to the length in 
the assumed direction of diffusion—a good overview of the tortuosity concept 
is provided by van Brakel and Heertjes.® As used here, the tortuosity factor 
also accounts for decreases in effective diffusivity which arise due to dead-end 
pores and variabilities of pore diameter. Steric effects are separately 
accounted through K,. Several theoretical models for determining the tortuos- 
ity (7) have been proposed.® Theoretically and experimentally proposed values 
in unconsolidated material generally range between 1.3 and 3. However, con- 


DIFFUSIVE RATE LIMITATIONS IN ORGANIC CHEMICALS 283 


sideration of interconnectivity between random pores suggests a direct inverse 
relation between tortuosity and porosity,® such that much higher values are 
predicted for systems with very low porosities (e.g., x = 100 for porosity of 
0.01). 

Because it is often impractical to separate the effects of K, and x, it is 
sometimes useful to incorporate constrictivity through the use of an “effective” 
tortuosity factor, x,.. Thus, 


D, = D,/x (13.7a) 


Xe = x/K, (13.7b) 


With respect to estimation of K,, several investigators have related constric- 
tivity effects to solute diameter and pore size.*”**.”0 This work, describing 
restrictive diffusion in synthetic porous pellets, is reviewed later in this 
chapter. 

When measuring diffusion from one bulk solution to another through a 
porous slab or membrane, researchers often report a diffusion coefficient 
based on the total cross-sectional area of the membrane and the aqueous 
concentration gradient across the membrane thickness. The diffusion coeffi- 
cient, if determined under steady-state conditions, is the product of D, and the 
porosity of the immobile region, ¢. In the nomenclature of Bradbury and 
Green,*4 this steady-state diffusion coefficient is referred to as the intrinsic 
diffusion coefficient, D;. Given that D; = «D,, the apparent diffusivity (D,) 
can be redefined in terms of the measurable quantity, D,, 


D, = D/(e& + PaKai) (13.8) 


Note that, in the context of solute transport through porous media, D,/a? is the 
relevant parameter to determine when comparing plume or breakthrough 
curve spreading due to intrasorbent diffusion with that caused by hydrody- 
namic effects.® 

Equations 13.1 through 13.8 provide a consistent framework and nomencla- 
ture for the discussion of diffusion through an immobile matrix. Under 
groundwater flow conditions, such diffusion may occur either at the scale of 
confining rock or clay matrices, at the scale of relatively large aggregated soil 
structures (so-called dead zones), or at the still finer scale of individual soil 
particles, which will include some combination of single mineral grains, clay 
particles, organic solids, clastic rock fragments, and other stable aggregates of 
finer material. Under conditions of batch uptake or release in well-mixed 
laboratory systems, it is the transport at the scale of these individual particles 
which is measured. Some experiments of this type are reviewed in the sections 
which follow. 
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Batch Rate Studies 
Batch Studies with First-Order Interpretation 


Karickhoff carried out batch experiments to observe sorption and desorp- 
tion rates of several different organic compounds in river sediments.”! In both 
sorption and desorption experiments, the approach to equilibrium was 
described by a rapid component and a much slower component. Although the 
rate data for any specific soil/solute combination were limited, and desorption 
data suffered from mass balance problems, the overall results revealed a recip- 
rocal variation of the slow rate constant with the partition coefficient for both 
a given chemical on different sediments, and for different chemicals on a given 
sediment. With this relationship, it was hypothesized that the slower process 
may be viewed as diffusive transfer to sorption sites inaccessible to the bulk 
water. In comparing the slow rate constants obtained from the sorption and 
desorption experiments, Karickhoff found no significant difference. 

DiToro and Horzempa have also observed what they describe as a desorp- 
tion resistant fraction in the sorption of hexachlorobiphenyl and other polych- 
lorobiphenyls (PCBs) with natural lake sediment and clay mineral samples.72-”4 
They reported that the resistant component increases with incubation time and 
suggested that reversible sites are being converted to “strong binding sites” 
with time. DiToro and Horzempa did not attempt to address the temporal 
behavior of the resistant component of sorbed solute. Moreover, meaningful 
interpretation of the data has become extremely difficult due to conflicting 
hypotheses regarding a separate (but possibly related) particle concentration 
effect on sorption, with reduced sorptive capacity observed at higher solid- 
liquid ratios. Some have attributed observations of this kind to the effect of 
particle-particle interactions on sorption kinetics,’5-”’ while others have related 
it to the presence of solution-phase colloids or macromolecules which bind 
solute but are not separated by normal centrifugation or filtration.4%48:78.79 
Other researchers have noted that particle concentration effects on desorption 
isotherms are a likely artifact of not attaining equilibrium during the uptake 
phase of the experiment.®! 

In a study of diuron [N-(3,4-dichlorophenyl)-N,N-dimethylurea] desorption 
from soil, Rao and Nkedi-Kizza also observed apparent hysteresis (higher 
apparent K, after desorption than adsorption), indicative of resistance to 
desorption.* They noted that this effect was observed only for the larger size 
fractions. As previously noted, a number of investigators have discussed how 
such apparent hysteretic behavior can be expected if equilibrium is not 
attained during uptake, desorption, or both.38:81.83-86 Interestingly, Rao and 
Nkedi-Kizza also noted that carbon-normalized sorption (K,.) for the larger 
sands was three times smaller than for the other fractions.® Karickhoff et al. 
had observed a similar effect with sand (> 50 mm) compared with finer silts — 
8-to 24-hr K,, values for polynuclear aromatics with the sands were between 15 
and 50% of the silt values, and showed much less reproducibility from one 
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experiment to the next.*’ In both studies, it is possible that the apparently low 
K,. values in the larger sands were the result of not attaining sorption 
equilibrium. 

Karickhoff and Morris studied the desorption (and, to a lesser extent, the 
uptake) of pyrene, pentachlorobenzene, and hexachlorobenzene on eight sedi- 
ments.*° Although particle sizes were not reported, Karickhoff and Morris 
assumed 10-ym (0.01-mm) diameter particles to calculate diffusion coeffi- 
cients implied by rate data taken during the first 9 days of desorptive release. 
The estimated apparent diffusion coefficients (D,) were on the order of 10°! to 
10-3 cm?/sec and were compared with previous results for radionuclide uptake 
in sediments.** In describing the long-term desorption data (after the first 9 
days), Karickhoff and Morris applied a two-compartment first-order model 
which assumed a fraction of labile sites. They stated that “no fixed geometry 
diffusion model . . . was found to be generally applicable” and attributed this 
to “sediment particle size and structural variability.” As with the previous work 
of Karickhoff,”! the characteristic time for long-term desorption was found to 
vary inversely with K,. Particle size effect was not studied, but aggregation was 
believed to be responsible for slowing the release of contaminant from cohe- 
sive soils at high sediment concentrations. 

In unsaturated experiments with seven surface soils from different geo- 
graphic regions, McCall and Agin estimated that picloram (an acidic organic 
pesticide) was still sorbing after over 200 days of incubation. They also 
observed that desorption rates became increasingly slow as sorptive equilib- 
rium time was increased. These researchers modeled the desorption process as 
a two-component process, characterized by fast and slow first-order rate 
constants. 

Oliver studied the long-term desorption of three halogenated aromatics 
from contaminated sediments, but did not attempt to fit any rate models to the 
data. He found that, after an initially rapid desorption over the first several 
days, the desorption rate decreased dramatically. Desorption was less than 
80% complete after 40 days. 

In a manner similar to Karickhoff and Morris, Coates and Elzerman con- 
ducted purge release experiments of chlorinated benzenes from sediments.*! As 
in the work of Karickhoff,’!-®° the observed fractional release at a given point 
in time decreased in soils subjected to more prolonged prior equilibration. In 
one case, less than 50% of sorbed hexachlorobenzene was recovered after over 
30 days of desorptive release (into presumably solute-free gas-purged solu- 
tion), following 36 days of sorption. Nonattainment of equilibrium during the 
uptake portion of the experiment was suspected. Like Karickhoff and Morris, 
Coates and Elzerman observed lower rates of release for more hydrophobic 
compounds. 

Witkowski et al. studied the sorption and desorption of Aroclor 1242 (a 
PCB mixture) from a lake sediment, using small batch reactors (centrifuge 
vials) as well as a completely stirred tank reactor (CSTR).*! Short-term experi- 
ments with the vials showed an apparent attainment of equilibrium after 3 to 4 
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days, based on negligible differences in aqueous concentration decreases 
between 3 and 7 days. Desorption experiments after these short times of equili- 
bration showed an apparent hysteresis (which increased with solids concentra- 
tion) similar to that observed by DiToro and Horzempa.’-” However, longer- 
term desorption experiments showed continued gradual desorption for over 6 
months (following an uptake period of 1 week). First-order rate coefficients 
were fitted to the desorption data, but nonequilibrium conditions probably 
existed when desorption was started. The reported long-term desorption con- 
stant (k, = 0.003 day"! = 3.510 sec!) was of the same order as those 
reported by Karickhoff and Morris®® and Coates and Elzerman.?! 

The persistence of 1,2-dibromoethane (EDB) in soils has been extensively 
examined by Steinberg, Pignatello, Sawhney, and coworkers.”*2-% Steinberg 
et al. found measurable desorption of EDB (to overlying water) from topsoils 
fumigated with EDB 13 years prior to sample collection.* Laboratory tests 
verified that field-applied EDB was extremely slow to desorb from soil, with 
the difficulty of extraction directly related to the length of time for the original 
soil-chemical equilibration. Extraction in reasonable time periods was 
achieved using water-miscible solvents (methanol, acetone, acetonitrile) at ele- 
vated temperature, whereas short periods of gas purge (11 min) and hexane 
extraction (24 hr) were only successful in recovering freshly applied EDB.” 
Results have shown the rate of release to increase with temperature and to 
decrease with particle size.%° Under moist or water-saturated conditions, 
empirically estimated “immobile fractions” (based on fractions not extracted 
after a certain time period) were observed to increase with organic matter 
content of the soil,” and decrease (significantly) with extent of soil pulveriza- 
tion.® In all of the above work, the authors have hypothesized the entrapment 
of EDB in soil micropores, and they make a strong case that the chemical’s 
release is diffusion controlled. Although accurate calculation of diffusion 
coefficients was not possible (since the true equilibrium capacity of the soil was 
not known), this did not detract from the studies’ fundamental conclusions: 
halogenated organic chemicals may persist for extremely long time periods at 
diffusively accessed locations within soil grains. 

Slow sorption and significant resistance to desorption has also been 
observed by Chang.” In studies of diuron sorption and desorption by aquifer 
solids, Chang observed continuing uptake after 75 days of equilibration. In 
desorption experiments (conducted over 3 weeks following 44 days of sorp- 
tion), no significant increases in aqueous concentration were observed beyond 
the first week, but the remaining sorbed concentrations greatly exceeded those 
achieved during sorption for equivalent aqueous concentration. Hysteretic 
isotherms were used to model the results. 

Brusseau et al. have estimated desorption rate constants (k,) by both column 
and gas purge techniques for several soil-organic solute systems and cite intra- 
sorbent diffusion as the most likely source of the rate limitation.22 Column 
breakthrough results were shown to be reasonably well predicted from the 
batch results, which were obtained from 3- to 15-hr batch purge experiments. 
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The authors concluded that gas purge and miscible displacement techniques 
yield comparable results. 

For intrasorbent diffusion with linear partitioning, first-order desorption 
rate coefficients defined in the manner of k, can be considered as approx- 
imations for a diffusion rate constant based on sorbed-phase concentration 
(D,/a?).8081,91,99 Wu and Gschwend have described the relation between k, and 
D,/a* for batch systems.© Inverse correlations of k, with K, have been pre- 
sented by Karickhoff and Morris® and Brusseau and coworkers.*”'® The cor- 
relations are useful means of presenting data trends and highlight the previ- 
ously noted suggestion that D,/a? may be inversely related to K, in natural 
systems. However, the correlations themselves must be viewed with caution 
since most of the underlying rate constants were based on relatively short-term 
study; the correlations do not predict the very slow components of sorption 
uptake or release reflected by some studies.*-!75.8°% In addition, first-order 
rate constants do not include the effect of diffusive length scale, and thus 
cannot be expected to predict effects on rate which arise from differences in 
the size scale of diffusively limited regions, as due to differences in particle size 
or modification of aggregates by external forces (e.g., disaggregation, pulveri- 
zation). In the following two sections, we review three sets of batch studies 
which have specifically considered intrasorbent diffusion. Two of these studies 
have demonstrated significant particle size effects on the rate of uptake, and 
one has uncovered continuing diffusion into sand-size particles for periods up 
to 3 years. 


Batch Studies with Diffusive Interpretation 


Miller and Weber have described studies of the partitioning of lindane (y- 
hexachlorocyclohexane) with four soils and nitrobenzene with two of the same 
four soils.*!-©!° Bottle point rate studies and a CSTR were both used, and 
results showed a clear effect of increased sorption with time: concentration 
versus time curves showed continuing slightly negative slopes even after 7 
days.!°! Rate of uptake in the CSTR was simulated using a spherical diffusion 
model that also incorporated external mass transfer resistance. However, sim- 
ulations were insensitive to the external transfer coefficient at all but the very 
earliest times.°! For the spherical diffusion model, D,/a? values between 10° 
and 10-9 sec-! were fitted to the data, and D, was calculated assuming a particle 
radius (a) based on the median diameter of the particle size distribution. D, 
values between 2.3 x 10"'! and 5.3 x 10-7 cm?/sec were reported.” 

The rate data of Miller and Weber showed decreased D, with strength of 
sorption, as in the previously cited work of Karickhoff and others. Another 
interesting result was that reported equilibrium capacities were higher for the 
CSTRs than for the bottle isotherms. This effect was tentatively attributed to 
particle breakup in the CSTR,® possibly implying incomplete equilibration in 
the bottle point study. 

Wu and Gschwend describe a study of sorption rate for chlorinated ben- 
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zenes with silt-sized river sediments and a surface soil using a closed-loop- 
stripping apparatus.© Sorptive uptake from the aqueous phase was monitored 
by tracking concentrations in a recycled gas stream for periods up to 1 week. 
Rate experiments were conducted with bulk sediments (having a distribution 
of particle sizes) and modeled using the radial diffusion approach. Computed 
values of D, varied from 8 x 10°” to 1x 10° cm?/sec. These minimum and 
maximum values reflect pentachlorobenzene sorption on Charles River sedi- 
ment (roughly 8% organic carbon content) and 1,4-dichlorobenzene sorption 
on Iowa soil (2.1% organic carbon), respectively. The apparent diffusion coef- 
ficients were found to vary inversely with K,, an observation in agreement with 
the previous findings of Karickhoff.7!®° Using the same apparatus as for the 
sorption experiments, contaminated sediments were poured into clean water, 
and the desorptive release was monitored. These experiments, conducted with 
tetrachlorobenzene, showed that the sorption process was fully reversible, with 
desorption showing similar diffusive time scales as sorption. Experiments with 
finer size fractions and with disaggregated (sonicated) material showed an 
increased rate of sorption with decreased particle size. 

By assuming the intraparticle tortuosity factor to be inversely proportional 
to particle porosity (and neglecting pore constrictivity), Wu and Gschwend 
obtained the following definition of D,:© 


D, = (Dyeé’)/(Ky (1 - &) Ps) (13.9) 


where p, = solid density (specific gravity) of the sorbent = p,/(1 - «). Since 
D,, p;, and K, were all known, Equation 13.9 allowed the rate information (D,) 
to be interpreted as a fit of intraparticle porosity (¢,), which was estimated to 
be roughly constant at 0.13 for all systems studied. Because of the assumed 
relation between porosity and tortuosity, a constant effective tortuosity was 
also implied. Although all of the experiments used to estimate D, were con- 
ducted with a full size distribution of particles, the modeling effort admirably 
accounted for the complete size distribution.’ However, independent charac- 
terization of size fractions was not conducted, and a constant K, was assumed 
for all fractions of a given sediment. 

In their concluding remarks, Wu and Gschwend optimistically suggested 
that their findings could allow a priori estimation of intraparticle diffusion 
rates. However, the authors were careful to point out some limitations in the 
study. In particular, they noted that their apparatus did not allow longer-term 
study as required for larger aggregates and that more research was needed, 
“especially based on understanding the characteristics of natural particles.” It 
is clear, for example, that the notion of intraparticle porosity being constant at 
13% (as estimated by Wu and Gschwend for silt-sized aggregates) will not hold 
for all natural solids. As a case in point, the measured porosity in aquifer 
solids from Borden, Ontario, has been estimated at between 0:4% and 4.8%, 
depending on particle size.?! Furthermore, apparent diffusion coefficients in 
the Borden material were much lower than predicted by Equation 13.8, even 
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when this measured porosity was considered. These Borden results, reviewed 
below, suggest that additional tortuosity and/or steric hindrances may slow 
the diffusion process further. 


Batch Studies with Borden Solids 


Rates of sorption of tetrachloroethene (PCE) and 1,2,4,5-tetrachlo- 
robenzene (TeCB) by Borden solids were measured in the laboratory over long 
periods.!7-:103 To assure data reliability, special precautions were taken, 
including the use of prepurified '*C-labeled compounds, flame-sealed glass 
ampules for equilibration, and autoclaving of the solids. Continuing uptake 
beyond 3 days had previously been impossible to detect, owing to the slow rate 
of uptake and losses of comparable magnitude from blank samples containing 
no soil.!4 

Experiments were conducted with a homogenized bulk sample and sieved 
size fractions thereof, as well as with pulverized samples. The measured equi- 
librium distribution coefficients (K,) were found to be linear within the con- 
centration range of the batch rate experiments (0 to 50 yg/L), and differed 
greatly among the size fractions. In all cases K, values were approximately 40 
times greater for TeCB than for PCE. The data showed evidence of very slow 
approach to equilibrium, implying times as long as 1000 days for equilibrium 
between TeCB and a coarse size fraction (i.e., grain diameter = ca. 0.6 mm). 
For the slowly equilibrating samples, pulverization of the solids was found to 
be a judicious expedient for quantifying the equilibrium uptake, and compari- 
sons with long-term equilibrium data from unpulverized samples were quite 
good."” 

An internal diffusion model of the form previously described was used to 
interpret the rate data. The model fitting allowed for the possibility of instan- 
taneous uptake with some fraction of the sorbing solids. For the coarse size 
fraction cited above, the single-parameter diffusion model (i.e., with no 
instantaneous fraction of sorption) provided a remarkably good fit to the data 
and suggested D, values of 7.9x 107! and 1.5 x 10” cm?/sec for PCE and 
TeCB, respectively. Interpretation of these results with a pore diffusion model 
(using measured values for K, and intraparticle porosity) yielded estimated 
effective pore diffusivities (D,) of 3.5 x 10% and 2.4x 10-8 cm?/sec for PCE 
and TeCB, respectively. The good agreement between D, for PCE and TeCB is 
consistent with the similarity of molecular diameter and aqueous diffusivity 
for the solutes and reflects the good inverse correlation between D, and K,. As 
previously noted, this dependence is predicted by the pore diffusion model, in 
which sorption acts to retard the approach to equilibrium. The effective pore 
diffusivity in the coarse size fractions was found to be approximately 200 times 
smaller than the bulk aqueous diffusivity. If pore diffusion is indeed the 
controlling mechanism, the very low rates may be explained by the combined 
effects of tortuosity, dead-end pores, and constrictions in the finest pores. 

For finer size fractions, the same relationship between PCE and TeCB 
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uptake results were observed, but a simple diffusive interpretation was less 
successful in explaining results. However, good data fits were attained if 4 to 
31% of the sorption was assumed to occur very rapidly. Figure 13.2 shows 
PCE uptake data for one of the intermediate size fractions, for which 4% 
instantaneous uptake provided the best fit. Apparent diffusivities in these 
finer fractions (D, = 2 to 6x 10"!! cm?/sec for PCE) were slightly lower than 
those in the coarser fractions, despite the considerably smaller distribution 
coefficients (K,) for the finer solids. These data imply either (1) greater tortu- 
osity or hindrance of diffusion in the fine-grained material or (2) aggregation 
of the finer material into larger aggregates in the isotherm bottles. Particle 
aggregation should have been minimal, however, since the material was com- 
prised of well-defined rock fragments and mineral grains of low clay and 
organic content?! and samples were well mixed. !7/!%-!% 

As previously noted, Goltz and Roberts-have shown good simulation of 
near-field spatial and temporal plume behavior at the Borden site. These simu- 
lations were based on short-term (3-day) measures of PCE distribution (K,), as 
estimated by Curtis et al.!* However, the revised (long-term) estimate of equi- 
librium partitioning obtained from the experiments described herein allows 
greatly improved simulation of the observed far-field retardation behavior. As 
evident from Figure 13.3, fitting of the spatial moment data using the 3-day K, 
(Figure 13.3, solid line) successfully captures early-time behavior, but fails to 
model the long-term plume velocity. The higher PCE K, values of the long- 
term batch experiments are necessary to model the long-term plume velocity — 
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Figure 13.2. Normalized PCE distribution coefficient as a function of time for unaltered 
-40 +60 mesh Borden aquifer material. Dotted line: one-parameter diffusion 
model fit (D,/a® = 2.3 x 10-” cm?/sec); dashed line: two-parameter diffusion fit 
(D,/a* = 1.6 x 10-7 cm/sec, instantaneous uptake estimated at 4%). 
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Figure 13.3. Distance traveled by PCE plume center of mass in the horizontal plane: *: as 
estimated from the Borden sampling data; dotted line: as simulated with 
independently measured long-term batch rate and equilibrium sorption 
parameters; dashed line: as simulated with best-fit rate parameters and using 
the measured long-term sorption equilibrium; solid line: as simulated with 
best-fit rate parameters but restricted to short-term equilibrium sorption. 


revised PCE transport modeling with the 30-day K, (bulk Borden solids) has 
been described elsewhere (Figure 13.3, dashed line).'”!% The results thus sug- 
gest that, unless the bulk Borden samples are pulverized to induce more rapid 
uptake in the laboratory, sorption experiments of 30 days or longer are 
required to predict the long-term (far-field) rate of transport. 

It is also important to note that the fitted rate constants for the solid-and 
dashed-line simulations of Figure 13.3 are significantly lower than the batch 
estimate of D,/a*, for which a simulation is shown as a dotted line in Figure 
13.3; clearly, the rapid initial movement of the plume is not simulated using 
this rate constant. The fitted first-order rate constant (dashed line) corre- 
sponds to a D,/a? value of 4.6 10° sec-!, or only one-fiftieth of the batch 
estimate with bulk solids. The fitted fraction of “instantaneous” sorption sites 
for the best-fit field estimate was 0.30, versus 0.07 estimated from the batch 
data. 

Thus, despite the slow rate of uptake observed in the batch experiments, 
estimated diffusivities were not sufficiently low to explain the extent of non- 
equilibrium observed in the field. It appears certain that aquifer heterogeneity 
(e.g., solute diffusion into less permeable layers or aggregated dead zones!”:®) 
played a major role in the field experiment. In the unlikely case that batch 
measured D, (which equals 3.4 10-!! cm?/sec for bulk material) could be 
assumed to hold for the aggregates, a spherical aggregate diameter of roughly 
0.8 mm would be needed to obtain the fitted rate constant. 

Finally, the batch rate constants, while less than those expressed in the field, 
are sufficiently slow to be an important source of nonequilibrium under some 
conditions. For example, Ball and coworkers'’'™ have shown that D,/a’ values 
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observed at the particle scale would lead to very significant nonequilibrium at 
conditions of laboratory soil column experiments or during field-scale ground- 
water extraction through radial pumping. 


Summary 


Recent evidence regarding organic partitioning with natural solids suggests 
that at least some fraction of the sorption capacity is subject to rate limitation. 
Field and column evidence suggests that it may be unrealistic to assume that 
sorption equilibrium is attained in contaminant transport, even at the rela- 
tively low velocities of natural gradient transport, and especially at the higher 
velocities of soil columns or groundwater remediation efforts. Although there 
have been a number of recent studies of sorption and desorption rates, very 
few of these have been conducted over the very long time periods (hundreds of 
days) over which very slow continuing rates of uptake have been shown to 
occur. 

In many cases, first-order approximations have been used to describe rate- 
limited sorption, but often with the understanding that the first-order rates 
represent approximations to diffusive transport.2°!% An inverse correlation of 
rate constants with partitioning coefficient has been observed and is consistent 
with the concept of retarded intraparticle diffusion. Diffusive limitations have 
been extensively cited in transport studies and have begun to be investigated in 
more detail through direct batch assessment. Nonetheless, the diffusive pro- 
cess in natural solids is still poorly understood. 

Since intraparticle diffusion is an important mechanism in determining 
sorption and desorption rates in aquifer solids, better understanding of the 
process is clearly desirable. In the following section, some studies are reviewed 
which specifically examine the nature of diffusion in different media which 
are—or may be—relevant to subsurface materials. 


DIFFUSION STUDIES IN DEFINED MEDIA 


Because of the extreme complexity and heterogeneity of soil solids, complete 
characterization of the diffusive medium is impossible. However, the nature of 
the medium will play a critical role in the diffusion process. For example, 
diffusion in pore space can be significantly affected by tortuosity, pore size 
(steric hindrance), and nature of the pore solvent (e.g., bulk water, surface- 
bound water, or organic gel phases). In this chapter, literature from three 
broad areas of diffusive transport research are reviewed, all of which have 
potential application to soil environments. First, we review recent studies of 
ion diffusion and light hydrocarbon diffusion in rock matrices. These studies, 
conducted under controlled conditions with rock slabs, should be directly 
applicable toward understanding diffusion in smaller-sized particles broken 
down from these same materials. Second, we review some of the vast literature 
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regarding diffusion into porous sorbent pellets. Because these sorbents are 
much better defined than soil solids, independent parameter estimation has 
been generally more feasible. Third, and finally, we review some theory 
regarding the diffusion of small organic molecules in larger organic structures. 
Although the nature of soil organics is highly variable and difficult to charac- 
terize, it may be possible to generalize from studies with more well-defined 
organic polymers. 


Diffusion in Rock 


Diffusion in rock matrices has received considerable recent attention, pri- 
marily in the context of radioactive waste disposal,**%!-'!! but also in the 
context of hydrocarbon recovery from sedimentary rocks.'!*"!!4 In these con- 
texts, investigators have studied diffusion across laboratory-scale rock slabs in 
bench-top diffusion cells. Parameters measured, in the notation defined previ- 
ously, always include the intrinsic diffusion coefficient, D;. In addition, the 
apparent (transient) diffusion coefficient, D, (which equals [eD,]/le + PaKal), 
is often estimated from early time data.*+!!3 The ratio of D,/D, provides an 
estimate of the “rock capacity factor” (e; + p,K,). For the case where sorption 
is negligible, D, also provides an estimate of the effective pore diffusivity, D,. 
In cases where rock porosity has been independently measured,'':'!° D, can be 
estimated from the steady-state (intrinsic) diffusion coefficient (D, = D,/«). 

Bradbury and coworkers’#!%110116 and Neretnieks and cowor- 
kers!07.111,115,117 have studied the diffusion of various ionic species in a variety of 
rock matrices, including granites and other crystalline rocks as well as sand- 
stones and limestones. In these works, the reported steady-state diffusion 
coefficients (D,) for iodide ranged from 2 x 10-'° cm?/sec (granite) to 3x10” 
cm2/sec (sandstone). With the given estimates for rock capacity factor, D, in 
the range of 2x 10-7 cm?/sec to 4x 10° cm’/sec were implied. Taking bulk 
iodide diffusivity to be 2 x 10° cm?/sec,! we calculate tortuosity factors to be 
in the range of 20 to 100 for these studies. 

Similar tortuosities have been implied by a recent investigation of the diffu- 
sion of simple alkanes (primarily methane, ethane, and propane) through a 
wide variety of water-saturated rock samples at different temperatures by 
Krooss and Leythaeuser.!!4 Twenty-two different rock cores were studied, each 
with several hydrocarbons. Careful interpretation of the data of Krooss and 
Leythaeuser in the context of Equations 13.3-13.9 has been detailed else- 
where,’ and shows that x, values of between 10 and 100 are generally reflected 
by the data. This is in good agreement with the previously discussed data for 
iodide diffusion in crystalline rock. In addition, the data of Krooss and Ley- 
thaeuser reveal an important trend of increased tortuosity with solids of finer 
grain size (e.g., claystone versus sandstone). 

Another interesting result of the hydrocarbon diffusion study was the com- 
parison of diffusion rates among different alkanes. In general, ratios of diffu- 
sion coefficients (higher molecular weight compound:methane) were lower 


294 ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


than diffusivity in bulk water would suggest. In one shale, for example, the 
diffusion coefficient for ethane dropped almost two orders of magnitude 
below that of methane. Krooss and Leythaeuser suggest that “possibly a large 
fraction of pore diameters in this sample approaches molecular size and there- 
fore acts as a sieve for larger molecules.”!!4 The effective tortuosity values 
estimated for halogenated organic chemical diffusion in the Borden solids (200 
to 1000) were similar to those found for ethane diffusion in shale by Krooss 
and Leythaeuser. The results suggest that similar effects of pore constrictivity 
may be at work in both studies. In the following sections, we review some 
studies with synthetic sorbents for which diffusion has been well studied and 
for which pore size is known to play an important role. 


Diffusion in Microporous Sorbent Particles 


Diffusively limited uptake and release of chemicals by synthetic sorbents has 
been investigated by chemical engineers for many years,!!®!!9 and considerable 
research effort has been directed toward understanding rates of uptake by 
well-defined microporous particles. In some cases, diffusion of strongly 
adsorbed solutes is assumed to be augmented (surface diffusion), while other 
studies have shown restrictive or hindered diffusion in small pores. As an 
extreme case, diffusion in zeolites, which have pore diameters of approxi- 
mately 0.3 to 0.8 nm, can be extremely slow. Because there are important 
conceptual differences between these related areas of research (surface diffu- 
sion, restricted diffusion in micropores, and zeolite diffusion), each is consid- 
ered separately below. 


Surface Diffusion 


In some sorbents, solute uptake has been observed to progress more rapidly 
than can be predicted by pore diffusion alone, implying diffusion of sorbed 
species, presumably along an adsorption surface. For example, surface diffu- 
sion has been invoked in modeling the uptake of benzaldehyde from methanol 
and water into two different polymeric, porous Amberlite resins, XAD-4 and 
XAD-7.' Apparent diffusion coefficients calculated from the data were two 
times higher than pore diffusion would predict for XAD-7 and between 5 and 
14 times higher for XAD-4, which sorbed benzaldehyde more strongly. This 
increased flux of solute was successfully simulated by incorporating surface 
diffusion into the uptake model. Assumptions of surface diffusion have also 
been extensively applied to modeling organic solute uptake and release by 
granular activated carbon, and a surface diffusion model has been extensively 
used to describe and design fixed-bed GAC adsorbers.!2! Dobrezelewski,!22 as 
cited by Crittenden et al.,!?3 experimentally measured surface diffusivities for 
chlorinated alkanes, chlorinated alkenes, and aromatic compounds in batch 
rate experiments with granular activated carbon, for which observed: uptake 
rates could not be accounted by pore diffusion alone. Estimated surface diffu- 
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sivities ranged between 10-!° and 10-7 cm?/sec, or roughly one to four orders of 
magnitude lower than bulk aqueous diffusion coefficients. However, sorbed- 
phase concentrations were substantially higher than concentrations in the pore 
fluid, such that the large majority of the diffusive flux was estimated to occur 
in the adsorbed phase. Surface diffusion coefficients decreased with strength 
of sorption, such that the surface:pore diffusive flux ratio (calculated at the 
initial solute concentration) was relatively invariant for 31 GAC-solute systems 
(6.6 + 2.0; 95% confidence). 

Although mechanisms of surface diffusion are still poorly understood, one 
clear requirement of the process is continuity of adsorbing surface. In general, 
the surface diffusion process is only invoked when necessary to explain rates of 
uptake in excess of those explainable by pore diffusion alone. In the context of 
natural solids, particles are generally aggregates of different materials, with 
surfaces covered with a wide variety of coatings, including organic gels, humic 
substances, and polymeric oxides and hydroxides.“ Such coatings are not 
likely to provide a continuous surface for diffusion of adsorbed species, and 
diffusion through the pore spaces and surface-associated gels is more likely to 
be important. These processes have also been addressed by studies in well- 
defined media, as described in the sections which follow. 


Restrictive Pore Diffusion 


In contrast to the surface diffusion model described above, diffusion in 
some commercial sorbents occurs at rates which are less than pore diffusion 
would predict. For example, results of this kind have been reported by Satter- 
field et al.,5’ who studied the effect of solute molecular diameter and pore size 
on liquid-phase diffusivity in silica-alumina catalyst beads (3 to 4 mm in 
diameter, median pore diameter of 3.2 nm). Twenty-two different solute- 
solvent systems were studied, including (1) sodium chloride and selected sugars 
in water, (2) substituted benzenes in iso-octane, and (3) selected alkanes, cyclo- 
alkanes, and 1-octene in hexane. Sorption was found to be fully reversible, and 
the authors reported that desorption experiments yielded identical diffusivities 
as the uptake studies. All solutes except the 1-octene and substituted benzenes 
were not sorbed beyond the extent expected for simple partitioning with pore 
water. Preferential adsorption of the aromatics and octene was attributed to 
the z-bonds found in these solutes. 

For the sorbent studied, the effective tortuosity factor (i.e., x. = x/K,) was 
found to increase with the critical molecular diameter of the solute, defined as 
the diameter of the smallest cylinder through which a solute can pass without 
distortion. Effective pore diffusivities (D,) ranged between 4 and 30% of bulk 
aqueous diffusivity. Data were regressed to the following equation: 


Log (D,/D,) = Log (x.) = 0.37 + 2.0% (13.10) 


where \ = ratio of critical molecular diameter to pore diameter [-], and the 
range of the regression was 0.09 <  < 0.5. Extrapolating to \ = 0 (where K, 
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= | by definition), Satterfield et al. estimated a tortuosity factor (x = K,x,) of 
2.3, which was cited as reasonable for these very porous sorbents. Assuming 
this value for x, Equation 13.10 can be combined with Equation 13.7b to 
obtain: 


Log (K,) = -2.0X (13.11) 


Satterfield et al.°’ showed that this equation also described previous results for 
diffusion of nonelectrolytes through artificial mica membranes (0.01 < \ < 
0.2). 

Prasher and Ma conducted diffusion rate studies on a suite of 37 hydrocar- 
bon solute-solvent pairs, using two types of cylindrical alumina pellets with 
mean pore diameters estimated at 11.4 and 13.3 nm.** x, was calculated for all 
solute-solvent pairs, using the measured apparent diffusion coefficient and an 
independently measured partitioning coefficient. Molecular sizes were much 
smaller than pore sizes in this study (0.05 < \ < 0.09), and \ was based on 
average molecular radius (calculated from molar volume) rather than critical 
diameter. For the systems studied, effective pore diffusion coefficients were 
estimated to be between 1.5 and 11% of D,. In the midrange of their data (\ = 
0.07), the reduction in effective diffusivity observed by Prasher and Ma was 
equivalent to that predicted by Equation 13.10. 

Chantong and Massoth conducted experiments with a system of highly 
adsorbed polyaromatic solutes and four y-aluminas of differing pore size;*”° \ 
values were > 0.09 and in the same range as those of Satterfield et al.5’? The 
four aluminas had average pore sizes between 5 and 15 nm, and pore size 
distributions (reported by the supplier) were roughly lognormal over a 10-fold 
range. Chantong and Massoth” follow Satterfield et al.°’ in using critical 
molecular diameter in calculating \ and found the same dependency of K, tod 
(Equation 13.11). Since some sorption isotherms were highly nonlinear (1/n = 
0.66), Chantong and Massoth were able to use studies conducted at different 
concentrations to make a strong argument that surface diffusion did not play a 
role in their system. 

The above studies firmly establish that the mobility of hydrocarbon mole- 
cules in restrictive pores is significantly less than in bulk solution, with decreas- 
ing mobility as the ratio of molecular size to pore size increases. All models 
assumed that there was retardation of pore diffusion due to sorption. 
Although there was some evidence for surface diffusion in the work of Satter- 
field et al.,*” the other studies did not report similar evidence, and the effect 
was explicitly excluded by the interpretation of Chantong and Massoth.” 


Diffusion in Zeolites 
Diffusion in zeolites represents an extreme form of hindered diffusion, for 


which the distinction between pore and surface diffusion is no longer impor- 
tant; because of the molecular dimensions involved, it is impossible to distin- 


DIFFUSIVE RATE LIMITATIONS IN ORGANIC CHEMICALS 297 


guish absorbed from adsorbed phases and the only meaningful diffusion coef- 
ficients are overall coefficients, numerically equivalent to D, in our notation. 
Because zeolite diffusion represents the low end of potential diffusion rates in 
porous solids, it is briefly reviewed below. 

Zeolites are highly porous crystalline chemical structures with molecular- 
sized pore openings of fixed dimension. Diffusion in these solids is quite 
sensitive to the molecular dimensions of the sorbing species relative to the size 
of the zeolite cavities and apertures. Reported diffusion coefficients at room 
temperature span over 10 orders of magnitude, with reported values as low as 
10°'8 cm?/sec (e.g., krypton in K-mordenite at room temperature).!*4 In zeolite 
(SA) adsorption studies of straight-chained hydrocarbons out of benzene solu- 
tion, Roberts noted that the zeolite diffusion rate constant decreased as the 
chain-length of the diffusing alkane was increased; a 500-fold decrease in rate 
constant was observed between hexane (n = 6) and octadecane (n = 18).!% 
Zeolite diffusivity for hexane, measured at 25°C, was roughly 2 x 10°? cm?/sec 
in this system. Satterfield and others have shown that counterdiffusion in the 
presence of solvent can be several orders of magnitude slower than diffusion 
into an initially empty pore structure.°!*6!27 

The range of observed diffusion coefficients in zeolites serves to highlight 
the fact that extreme reductions of solute mobility are possible as pore sizes 
become small; apparent diffusion coefficients in small pore spaces can vary 
over many order of magnitudes, with a continuum of possible values down 
practically to the rates of solid diffusion (10-?° cm?/sec). Although nonpolar 
zeolite surface sites will not play a role in the soil-water environment, similarly 
sized pores are conceivable; diffusion may occur in microcracks, or alterna- 
tively, intraparticle pore spaces of clastic rock fragments may be largely filled 
with organics or with clay weathering products. In such cases “pore” dimen- 
sions may approach the mean free travel distances found in zeolites, and 
diffusion rates may be similarly low. For the specific case of diffusion through 
an organic matrix, diffusion can be quite complex, as discussed in the follow- 
ing section. 


Diffusion in Organic Polymers 


Organic matter in the soil environment has been the subject of considerable 
research, including a growing body of work to chemically characterize 
extracted organic matter.!28-!30 Nonetheless, the precise nature and location of 
in situ organic phases is still poorly understood and will vary highly from one 
natural solid to the next. With regard to soils of low organic carbon content, 
such as Borden aquifer solids, it can be a difficult undertaking to determine 
the organic carbon content,”! much less understand its nature or location. It is 
possible that some of the organic matter has been incorporated into biogenic 
carbonate minerals (shells) as polysaccharides, or that it exists as an adsorbed 
phase on mineral surfaces, either external to soil particles or incorporated 
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within them via adsorption prior to aggregation and cementation. Ball et al. 
found good correlation of organic carbon content with inorganic carbon con- 
tent in the Borden aquifer solids.”! In a study of organic carbon in marine 
sediments, Suess found a similar correlation and suggested that carbonate 
surfaces were covered by organic layers.'3! If sorption sites for small organic 
molecules are uniformly distributed throughout the sorbed grains, access to 
those sites (whether organic or surface area related) may require diffusion 
through an organic phase. With this in mind, it is worthwhile to briefly con- 
sider such diffusion. 

Although diffusion in soil organic matter has not been studied directly, 
some insight might be gained from the polymer literature, where diffusion into 
amorphous organic structures has been studied for many years.'*? Diffusion in 
such systems can be quite complex, and no single mathematical model success- 
fully predicts the various experimental observations. In general, diffusion of 
an organic molecule in a polymer will be dependent on the concentration of the 
diffusing molecule and on the rate of polymer relaxation relative to the rate of 
diffusion. 

When relaxation times are quite rapid relative to the rate of diffusion, such 
as at temperatures above the polymer’s glass transition temperature, the 
polymer is said to be rubbery, and diffusion will be Fickian: Fick’s first and 
second laws will hold and the diffusion coefficient will be independent of the 
polymer’s history.'*3 Typically diffusion coefficients are strong functions of 
concentration—in regions of low weight fraction of penetrant (e.g., < 

20%), the diffusion coefficient will typically increase exponentially with 
concentration of penetrant.'** Duda et al. have used free volume theory to 
correlate the diffusivity of low-molecular-weight solvents in polymers to 
temperature and weight fraction of penetrant.'*5 An interesting application 
of their model was for the system toluene-polyvinyl acetate, for which the 
diffusion coefficient at 35°C was estimated to be 10-'6 cm?/sec at zero pene- 
trant concentration but projected to increase rapidly to 10-!° cm?/sec at 5% 
weight fraction toluene. 

At the other extreme, relaxation constants may be very much slower than 
diffusion rates, and penetration may be characterized by a constant velocity 
advancement of a diffusate front which represents the boundary between swol- 
len gel and glassy core.'*? This has been designated as Class II diffusion (with 
Fickian diffusion designated as Class I)'*° and has been found to apply, for 
example, to the swelling of coals by pyridine. !3” 

Intermediate cases (when relaxation rates and diffusion are comparable) 
are non-Fickian and are sometimes referred to as anomalous diffusion. Such 
non-Fickian diffusion has been the subject of a number of reviews!33:!38 and 
has recently been considered in the context of diffusion through soil organic 
solids. The theoretical considerations for this type of diffusion can be quite 
complex and can involve components of swelling stress or strain, orientation 
of molecules, and swelling or dissolution kinetics.'33 As noted by Rogers, the 
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diffusivity of a penetrant will decrease with polymer density, rigidity, and 
degree of cross-linking.!38 Strong interactions between the penetrant and the 
polymer (e.g., hydrogen bonding) will also slow the diffusive process; non- 
Fickian diffusion is often associated with simple gas and hydrocarbon pene- 
trants whose sorption appears to be described by both an absorption (solubil- 
ity) component and a Langmuir contribution.'*? The latter contribution is 
thought to be related to immobilized penetrant at fixed sites (e.g., defects or 
cavities) in the medium.'33 Pignatello® has reviewed the data of Rogers'*8 
describing diffusion coefficients of small organic molecules in polymers near 
room temperature. The reported coefficients range from 103 cm?/sec (ben- 
zene in polystyrene) to 10°’ cm?/sec (methyl bromide in polyethylene). 

In considering synthetic organic contaminants in natural organic matter, it is 
probably most reasonable to assume that the organic polymers will have rela- 
tively rapid relaxation rates, such that diffusion will be Fickian. Furthermore, 
if the chemical potential of the organic contaminant is sufficiently low (i.e., 
aqueous concentration well below solubility), the diffusion coefficient may be 
independent of contaminant concentration. With this scenario, the diffusion 
coefficient will be a function of molecular size of the penetrant, “tightness” of 
the polymer (as measured primarily by its molar density and viscosity), and, 
possibly, specific interactions between the penetrant and chemical moieties of 
the organic matter. 

The role of natural organic matter in intrasorbent diffusion undoubtedly 
depends upon the geometry of the situation and the location of sorption 
capacity in the soil particles. If a sorbing organic phase is present as an 
adsorbed layer on the pore walls, for example, then retardation of pore 
diffusion will result. In this case, intraorganic diffusion could serve as a 
channel for surface (or solid) diffusion, and could thus enhance diffusive 
fluxes, but only if the organic sorbent layer is continuous. On the other 
hand, if a dilute organic phase fills the pore space (or a portion thereof), then 
the overall effect on rate of uptake is less clear— although reported diffusion 
coefficients in polymers are much less than bulk diffusivity (by two to eight 
orders of magnitude), the concentration driving force will also be much 
higher. Thus, in the case of intraorganic matter diffusion there is no straight- 
forward mechanistic relation between apparent diffusivity and strength of 
sorption. In one sense, intraorganic matter diffusion might be viewed as 
diffusion through the open spaces within the organic matrix, and specific 
physicochemical interactions might be viewed as a source of retardation. 
Such reasoning leads to a conclusion that, as with retarded pore diffusion, 
intraorganic matter diffusion should decrease with greater sorptive interac- 
tions. Note that, in this case, greater sorptive interactions are required within 
the organic phase, such that reduced rates of intraorganic diffusion at higher 
organic contents are not necessarily predicted, except possibly through an 
effect of reduced diffusive length scale. 
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SUMMARY 


Experimental work with nonpolar organic chemicals and natural solids 
has shown that sorption and desorption processes may be much slower than 
is generally recognized. Solute transport experiments have suggested non- 
equilibrium conditions, and laboratory sorption experiments have demon- 
strated that equilibrium can take weeks to years to attain, even in well- 
mixed systems with small particle sizes and low organic carbon content. 
Diffusion limitations seem the most likely explanation for such behavior. 
In the few studies which have explicitly explored this mechanism, there is 
strong indication that grain-scale processes are important and that diffu- 
sion rates are decreased for more strongly sorbing compounds. For river 
sediments with chlorinated benzenes,® and for Borden solids with halo- 
genated organic chemicals,!7/2! the effects of solute hydrophobicity on 
sorption rate suggested retarded pore diffusion. With both studies, a 
particle-scale process was implicated by findings that sorbent pulverization 
significantly decreased times to equilibrium. 

Consideration of diffusive processes in more well-defined media (rock slabs, 
porous sorbents, and organic polymers) provides some useful insights with 
regard to both (1) the wide range of diffusivities which might be expressed in 
natural soil solids, and (2) potential complexities of modeling the process. 
Effective tortuosities on the order of 10 to 100 have been found for diffusion 
of small molecules and ions in a variety of rock types, with tortuosity increas- 
ing for finer pore structure. Limited study with a larger molecule (ethane) in 
shale suggested effects of pore constrictivity which were of similar magnitude 
to those estimated for halogenated chemical diffusion in Borden solids. Diffu- 
sion studies with porous alumina catalysts have shown that additional two-to 
twenty-fold reductions in diffusivity might be expected when solute size 
approaches 10 to 50% of pore diameter, while research into the diffusion of 
small organic molecules in polymers has elucidated some of the potential 
effects of the soil organic matrix on intrasorbent diffusion. 

The discussions in this chapter highlight the difficulties in characterizing 
solute uptake by material as complex, diverse, and heterogeneous as soil, 
sediment, and subsurface aquifer solids. While recent advances provide impor- 
tant clues as to the nature and significance of the rate-limiting processes, 
accurate a priori estimation of sorption rates does not appear to be feasible at 
the present time. Further research is required to better understand the relevant 
diffusion media, length scales, and overall rates for different natural solids, 
and careful attention to experimental measurements is required. It is becoming 
increasingly apparent that short-term measurements with unaltered natural 
material, whether in column or batch study, may underestimate equilibrium 
sorption and overestimate sorption/desorption rate. This has been specifically 
demonstrated for Borden aquifer material and is almost assuredly true for 
other natural solids as well. 
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CHAPTER 14 


Investigation of the Distribution of 
Natural Organic Compounds in the 
Sediments of Estuaries with Indication of 
Their Likely Sources 


Brian J. Harland, Malcolm J. Hetheridge, and Simon J. Molloy 


INTRODUCTION 


Estuarine sediments accumulate persistent and hydrophobic chemicals from 
the overlying water, and often these chemicals can be used as marker chemicals 
of biogenic and anthropogenic discharges to the river system. Some of the 
more common of the biogenic markers are the constituents of higher plant 
waxes. These include long-chain normal alkanes from C27-C33,! in which odd 
carbon numbers predominate over even, and long-chain normal alcohols from 
C22-C30, in which even carbon numbers predominate over odd. Such compo- 
nents are frequently found in both estuarine and marine sediments.” Addition- 
ally, the corresponding aldehydes to the alcohols have also been postulated as 
leaf wax constituents:? These three constituents (alkanes, aldehydes, and alco- 
hols) were found in estuarine sediments from three river systems in southwest 
England in a previous study by this laboratory.* The particular homologues 
identified in this work were a range of normal alkanes from C27-C31 exhibit- 
ing odd over even preference and long-chain primary alcohols and aldehydes 
of C26 and C28 carbon number. Other components found in these sediments 
were a number of sterols, of which the sewage markers,’ coprostanol and 
cholesterol, were identified. All three of the rivers investigated — Teign, Dart, 
and Exe—receive only low volumes of industrial and domestic waste and 
consequently are relatively unpolluted. 

Although the plant waxes are considered to be the major source of the long- 
chain alkanes, alcohols, and aldehydes found in sediments, other sources for 
these components have been postulated. For example, a marine origin has 
been claimed for some long-chain alcohols,° and the possibility of forming the 
long-chain aldehydes by diagenesis of other sediment constituents has also 
been raised.”* 
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In this chapter, we present the results of an investigation to provide further 
information on the sources of these long-chain substances and, in particular, 
to determine whether they are of marine or terrigenous origin. This investiga- 
tion was based on analysis of long-chain plant wax components in both river- 
ine and estuarine sediments from the River Teign, one of the rivers previously 
studied. 


SAMPLING SITES 


Sediment samples were taken from the River Teign in southwest England. 
The river, which is fast flowing in its upper reaches, rises on peat moorland 
(Dartmoor) and flows for 56 km through mixed agricultural and wooded land 
until it reaches the sea at Teignmouth. The estuarine part of the river accounts 
for approximately 9 km of this length. Industrial presence in the vicinity of the 
river is limited; therefore, the only major anthropogenic discharges arise from 
domestic sewage inputs. Sediment samples were taken on March 8, 1989 at 10 
sites over the course of the river, as shown in Figure 14.1. Samples numbered 1 
to 3 are estuarine samples and 4 to 10 are riverine. 


SAMPLING AND ANALYSIS 


All sediment extracts, produced by Soxhlet extraction of the freeze-dried 
sediment, were examined without prior fractionation by capillary gas chroma- 
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Figure 14.1. Location of sampling sites (1—10) on the River Teign. The length of the river is 
56 km. 
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tography or gas chromatography-mass spectrometry (GC-MS). This direct 
method of analysis was chosen because it avoids losses or contamination which 
can be introduced during the fractionation procedure, even though it does 
suffer from some disadvantages. For example, the injection of the neat sample 
directly onto the column rapidly degrades its performance, and there is also 
much more chance of coelution occurring during the analysis, making inter- 
pretation of the data more difficult. 


Sampling Procedure 


Sediments (0-4 cm) were collected using a metal scoop, placed in glass 
bottles fitted with polypropylene tops, and held at the laboratory at 4°C until 
analyzed. 


Extraction 


Sediment samples (20 g) were freeze-dried for 24 hr (Edwards EF4 Modulyo 
freeze-drier) and ground to a fine powder. The powdered residue was then 
extracted with 100 mL dichloromethane (Rathburn HPLC grade) in a Soxhlet 
apparatus for 6 hr. The resultant dichloromethane extract was reduced to 
smaller volume (4 mL) using a Kuderna-Danish concentrator (Kontes Glass 
Co.). 


Gas Chromatography Analysis 


The concentrated extract was subjected to gas chromatography analysis 
using a Varian 3500 gas chromatograph fitted with flame ionization detection. 
A 25-m CP-Sil8 CB (Chrompack) bonded phase FSOT column of 0.32-mm 
internal diameter and 0.25-ym film thickness was used for the separation of 
components. The temperature program used for the analysis was the follow- 
ing: initial temperature of 50°C, held for 5 min, followed by a ramp of 8°C/ 
min to a final temperature of 280°C, held for 15 min, using helium carrier gas 
(2.5 mL/min). Samples (1 »L) were injected using the Varian on-column injec- 
tor in conjunction with the Varian 8035 autosampler. All gas chromatographic 
data were collected on a Trilab 2000 data station (Trivector Ltd.) for further 
processing. 


Gas Chromatography—Mass Spectrometry Analysis 


Gas chromatography-mass spectrometry analysis of selected samples was 
performed using the Finnigan TSQ-70 tandem mass spectrometer in conven- 
tional (i.e., single quadrupole) mode. The gas chromatographic conditions 
were similar to those used for GC-FID analysis with the following differences. 
The gas chromatograph was a Varian 3400, and a split-splitless injector was 
used in the Grob splitless mode for injection of the samples. Additionally, the 
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final column temperature was reduced to 250°C. The mass spectrometry con- 
ditions used were electron impact ionization at 70 eV with an emission current 
of 200 »A and multiplier voltage of 1.1 kV. The scan range was 30-500 amu in 
0.5 sec. One sample (station 3) was analyzed by chemical ionization mass 
spectrometry using methane as the reagent gas. 


Particle Size Analysis/Organic Content 


Particle size analysis of the sediment was obtained using a 3600E Laser 
Particle Sizer (Malvern Instruments). The organic content of the sediment was 
determined from the weight loss after heating oven-dried sediments (110°C) to 
600°C until constant weight was achieved. 


Gas Chromatography—Fourier Transform Infrared 


One sample was analyzed by gas chromatography-Fourier transform infra- 
red using a Mattson Cryolect 4800 system. Gas chromatography conditions 
were as described previously. 


RESULTS AND DISCUSSION 


The gas chromatogram obtained from analysis of one of the Teign estuarine 
sediment samples (sample 3) is illustrated in Figure 14.2. Only the relevant 
latter part of the chromatogram is shown (27 to 40 min) since the earlier part 
was devoid of any significant peaks. The main components identified and 
indicated on the figure are a range of long-chain normal alkanes from C21- 
C33 of predominantly odd distribution, and a range of long-chain normal 
aldehydes and alcohols from C22-C30 of predominantly even distribution. A 
number of sterols were also present from approximately the retention time of 
hentriacontane (C31) onwards, but of these only the sewage markers, copros- 
tanol and cholesterol, were positively identified. Although most of this infor- 
mation was generated using electron impact (EI) ionization conditions, some 
other confirmatory work was considered necessary because of the tendency of 
the aldehydes and alcohols to dehydrate in the mass spectrometer source under 
the conditions used. Consequently, further confirmation of these components 
was obtained by use of chemical ionization (CI) mass spectrometry, to indicate 
their molecular weight, and gas chromatography-Fourier transform infrared 
(GC-FTIR), which showed the presence of the carbonyl band in the more 
abundant of the aldehyde homologues. 

The results obtained for sample 3 are in good agreement with those found in 
the previous investigation of estuarine sediments from the Teign and other 
nearby rivers,* although the long-chain aldehydes in the latter were not identi- 
fied until after publication.2 The source of these long-chain components — 
alkanes, alcohols, and aldehydes —has been postulated as the waxes of higher 
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Expanded part (27-40 min) of the chromatogram of estuarine sediment sample 
3. The n-alkanes are identified by carbon number (C#), the n-alcohols by carbon 
number with —OH suffix (C#-OH), and the n-aldehydes by carbon number with 
asterisk suffix (C#*). Coprostanol and cholesterol are indicated by Co and Ch, 
respectively. 


plants,'3 and the chemistry and morphology of this latter material has been 


reviewed by 


Baker.!° He has summarized information on the homologue distri- 


bution of these three types of substances in epicuticular plant waxes as shown 


in Table 14. 


1 


The homologue distributions given for these substances in the Table 14.1 
agree well with those found in the estuarine sediment, supporting a plant wax 
source for these components. Nevertheless, further evidence on the origin of 


Table 14.1. Homologue Distribution of Hydrocarbons, Primary Alcohols, and Aldehydes 
in Epicuticular Plant Waxes 


Component Homologue Most Common Distribution 

Class Range Constituent (Carbon Number) 

Hydrocarbons C17-C35 C29, C31, C33 predominantly 
odd 

Primary alcohols C22-C32 C26, C28, C30 predominantly 
even 

Aldehydes C22-C32 C26, C28, C30 predominantly 
even 


pare, Jae OY Pe Se phe So 
Source: Baker.'° 
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these substances in sediments is necessary to confirm their terrigenous nature 
and, if possible, to determine their exact source. It was anticipated that analy- 
sis of the series of sediments taken along the freshwater (riverine) and brackish 
water (estuarine) stretches of the Teign would provide information on this 
matter. 

Results of GC examination of the 10 sediments taken over the length of the 
Teign are presented in Figures 14.3, 14.4, and 14.5. As for Figure 14.2, only 
the later part of the chromatogram is shown in each case (10.5-48 min for 
Figure 14.3 and 11.5-49 min for Figures 14.4 and 14.5) since the early part is 
virtually devoid of peaks. In the figures the individual gas chromatograms 
have been aligned and, for most samples, the nonacosane (C29)/hexacosanol 
(C26-OH) doublet has been marked with the symbol @. The intensity of the 
chromatograms has been scaled (Table 14.2) to make peaks more visible in 
weaker samples. A higher scaling factor means greater magnification of the 
data. 

Generally, the scaling factor used is inversely related to the silt content or 
organic content of the sediment (Table 14.3). For example, sample 10, which is 
a very coarse sediment since it was taken close to the river source, has the 
weakest chromatogram, while samples 1-3, which were taken from the silty 
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Figure 14.3. Part (10.5-48 min) of the chromatograms of estuarine sediment samples from 
the River Teign showing samples 1, 2, and 3. The peak corresponding to 
n-nonacosane/n-hexacosanol is marked by the symbol @. 
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Figure 14.4. Part (11.5—49 min) of the chromatograms of riverine sediment samples from the 
River Teign showing samples 4, 5, and 6. The peak corresponding to 
n-nonacosane/n-hexacosanol is marked by the symbol @. 


estuarine mud, give the strongest chromatograms. There are, however, some 
anomalies, the reasons for which are not well understood. The chromatograms 
for samples 6 and 7 are relatively weak, yet their organic contents are only 
slightly less than that of sample 8. 

Inspection of Figures 14.4 and 14.5 indicates that the stronger chromato- 
grams for the riverine sediments exhibit similar patterns for the long-chain 
alkanes, alcohols, and aldehydes to those found in the estuarine sediments 
(Figure 14.3). Confirmation of this observation has been obtained by GC-MS 
analysis of selected sediments (samples 5, 8, and 9). Furthermore, this analysis 
showed that the difference in peak height for the nonacosane (C29)/ 
hexacosanol (C26-OH) doublet in samples 8 and 9 was the result of a slight 
change in the resolution of these components during the chromatographic 
analysis. This reason could also account for the similar difference noted 
between samples 4 and 5. 

Since the River Teign receives little industrial waste and only a relatively 
small amount of sewage commensurate with the low population living in its 
catchment, the most likely inputs of organic matter to the sediments are those 
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Figure 14.5. Part (11.5-49 min) of the chromatograms of riverine sediment samples from the 
River Teign showing samples 7, 8, 9, and 10. The peak corresponding to 
n-nonacosane/n-hexacosanol is marked by the symbol @. 


from natural sources. The river source lies in open moorland (Dartmoor), but 
the lower and middle reaches of the estuary flow through agricultural land, 
primarily grassland. Stretches of the river are also heavily wooded, with pine 
woods predominating near the source and mixed woodland (i.e., broad-leaved 
and pine) being commoner downstream. 

The presence of the plant wax components—alkanes, aldehydes, and 
alcohols — throughout the length of the river points to a terrigenous origin for 
this material. Additionally, the somewhat irregular distribution, although 
largely the result of the differing particle size distributions of the sediments, 


Table 14.2. Scaling of Chromatograms 
Sediment No. Scaling Factor 
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2000 
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points to a diffuse, rather than a point, source. The most likely diffuse natural 
sources would appear to be either the leaves of the broad-leaved trees, which 
are transported into the river during autumn, or some form of agricultural 
runoff from grassland (or crops). The possibility of either aquatic plants in the 
river or peat, which surrounds the headwaters, being the source would appear 
unlikely. The river is fast flowing in its upper reaches, and the amount of 
aquatic plant matter is consequently very small, although there are sizable reed 
beds in the area of the upper estuary. Additionally, the greater presence of the 
plant wax components in the sediments taken from the lower part of the river 
and the estuary would suggest that the more significant sources are located in 
this area rather than several kilometers away in the peat moorland of the 
headwaters. 

Differentiation between the two more likely sources, leaf litter and agricul- 
tural runoff, cannot, however, be accomplished from the composition of the 
components identified in the sediments. According to Baker,'° long-chain pri- 
mary alcohols are probably the most dominant components of epicuticular 
plant waxes, even though only three homologues constitute major wax compo- 
nents. Hydrocarbons are also ubiquitous, although they rarely comprise a 
large proportion of the wax deposit. Only the aldehydes of the three identified 
plant wax components in these sediments are less common. Consequently, it 
might be expected that they would provide more indication of the origins of 
these waxes than the alkanes and alcohols. However, aldehydes are found in a 
diverse variety of plants, their appearance correlating strongly with rodlike 
wax structures. !° 

Prahl and Pinto, in recent work on Washington coastal sediments, have 
investigated the origin of long-chain aldehydes to ascertain whether they are of 
terrigenous origin or whether they are formed by diagenesis of other compo- 
nents in the sediments.’ Their investigations point to these compounds coming 
“preformed” out of the Columbia River into the Washington coastal sedi- 
ments. This conclusion is in agreement with our results on the Teign. However, 
identification of the precise source of these plant wax components — leaf litter 
or agricultural runoff—will need to await investigation of sediment samples 
taken from a location in this environment for which only one of these sources 
is possible. 


SUMMARY 


Results from the Teign estuarine and riverine sediments have identified a 
number of long-chain normal alkanes, ranging in carbon number from C21 to 
C33 with predominantly odd distribution, and long-chain aldehydes and pri- 
mary alcohols, of C22 to C30 carbon number and predominantly even distri- 
bution. The occurrence of these components in both the estuarine and riverine 
sediments indicates a terrigenous source. However, the precise origin of these 
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higher plant wax components — leaf litter or agricultural runoff—cannot yet be 
established. 
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CHAPTER 15 


Environmental Response to 
Hazardous Chemicals 


R. E. Speece, N. Nirmalakhandan, and Diane J. W. Blum - 


INTRODUCTION 


The environmental fate of hazardous chemicals is an important issue 
because accidental spills and industrial processes and products result in their 
introduction to the air, soil, or water environment. The partitioning of hazard- 
ous chemicals in these various environmental compartments and their relative 
half-lives,food-chain transmission, and bioconcentration effects are key ele- 
ments in a risk assessment of such chemicals. Quantitative structure-activity 
relationships (QSAR) are correlations between the chemical structure of a 
compound and a characteristic of that compound, such as its toxicity to an 
organism, aqueous solubility, or Henry’s constant. Because partitioning of 
hazardous chemicals in the environment is directly related to their physical 
properties, this chapter will briefly address some of the QSAR techniques used 
to model parameters describing the environmental fate of chemicals: Henry’s 
constant (H), aqueous solubility, soil sorption, and toxicity to selected envi- 
ronmentally relevant organisms. 

The physical and biological properties of hazardous chemicals have been 
commonly modeled using log P—the octanol water partitioning coefficient. 
This technique is widely used and technically simple. Log P can be calculated 
as a “lumped” parameter that consists of about 35 components, which are the 
contribution values for various possible constituents of the molecule. The 
computer program C Log P by Leo et al. calculates log P for any molecule.! 
This approach works well for many chemicals and is grandfathered into many 
environmental fate models. However, for more complicated molecules, specif- 
ically dyes, the calculated log P can be off by a factor of 100 or more. 

This chapter will present two less-used QSAR techniques for environmental 
fate modeling: the molecular connectivity system of Kier and Hall? and the 
solvatochromatic parameters approach of Kamlet et al.’ 
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RATIONALE OF QSAR MODEL FOR H 


A QSAR model for H was derived by Pierotti using a semitheoretical analy- 
sis by considering the chemical potential of a solute in the aqueous and gaseous 
phases.‘ In very dilute solutions, the potential of a nonelectrolytic solute, ,, 
is given by 


L = G, + G, + kT In (x,/v,) - kT Ind (15.1) 


where G, and G, are the energies associated with the formation of a cavity in 
the solvent to accommodate a solute molecule and solute-solvent interaction, 
respectively. The third term is a measure of the internal energy, and the last 
term is a measure of the pure solvent effect; x, is the mole fraction of the solute 
in the solvent, v, the molar volume of the solvent, T the temperature, and the 
subscripts 1 and 2 denote the solvent and solute, respectively. Similarly, the 
potential of the solute in the gaseous phase is given by 


u,° = -kT Ind + kT In (p,/kT) (15.2) 


where } = measure of the internal degrees of freedom of solute, and P> is the 
partial pressure of the solute in the gaseous phase. Equating these two poten- 
tials in an air-water system in equilibrium results in 


kT In (p,/kT) = G, + G, + kT In (x,/v,) (15.3) 
or, rearranging, 
In (p,/x,.) = G/kT + G/kT + In (kT/v,) (15.4) 


Now, substituting H = (p,/x,), an expression for Henry’s constant can be 
obtained as 


In H = G/kT + G/kT + In (kT/v) (15.5) 


which provides a means of modeling H of various solutes at a given tempera- 
ture in terms of G, and G,, or of a given solute at various temperatures, 
assuming constant G, and G, over a small range of T, as encountered in 
environmental applications. 


MODELING H OF DIFFERENT SOLUTES 


In order to use Equation 15.5 in modeling H of different solutes, the first 
two terms, G, and G;, have to be evaluated. The cavity term, G,, has been 
theoretically modeled and experimentally verified by the scale particle theory 


ENVIRONMENTAL RESPONSE TO HAZARDOUS CHEMICALS 325 


for simple molecules. In an analysis by Pierotti+, this term has been derived as 
a complex function of the molecule’s hard-core diameter. The interaction 
energy term, G,, can be considered to be a result of polarizability.>.° Following 
these concepts, we have used the QSAR approach to quantify the two energy 
terms, in terms of molecular descriptors, that encode information relating to 
molecular size and polarizability. 

The cavity term is modeled by using the solute’s molar volume, which in turn 
is modeled by using topological molecular descriptors called connectivity 
indexes, x. These indexes can be easily calculated by considering the hydrogen- 
suppressed molecular skeleton as discussed by Kier and Hall.? The X indexes 
have been shown to correlate well with many geometrical and physicochemical 
properties of organic chemicals. For instance, the molar volume, V, of 48 
chemicals was well correlated with zero-, first-, and fourth-order connectivity 
indexes:? 


V = 19.60 - 32.58°X" + 4.867'X” - 3.814*Xpc (15.6) 
nNi="48372c= 0:998:- SE) = 1151 
where r? is the correlation coefficient and SE is the standard error. 
Connectivity indexes have also been shown to correlate with polarizability, 
@:2 
® = 0.864 + 2.36°X + 5.49'1X (15.7) 


n = 36; r = 0.998; SE = 1.85 


However, when the connectivity indexes were tried in QSAR studies to 
predict H, the results were not satisfactory, explaining only 78% of the varia- 
tion in H data. This may be due to the fact that the °X and 'X indexes cannot 
differentiate between heteroatoms, even though they are rich in structural 
information content. Therefore, an alternate method to relate polarizability to 
molecular structure as proposed by Ketelaar was used.’ In this method, ® is 
estimated by an additive scheme using atomic contribution factors: 


@ = A(no. of H) + B(no. of C) + C(mo. of Cl) +... + 
Al(no. of double bonds) (15.8) 


where A, B, C, etc. are constants. 

In this study, we have used a combination of connectivity indexes X and ® to 
model the energy terms G, and G, and thus derived a QSAR model for Henry’s 
constant. Since the X indexes encode information relating to molar volume as 
well as polarizability, the coefficients in Ketelaar’s equation were kept vari- 
able, and a modified ® was derived by statistically optimizing the coefficients 
so that, in combination, they could yield the best predictive equation for H. 
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Henry’s constant data reported by Hine and Mookerjee were used to formu- 
late the QSAR model for H.® A “training set” consisting of 183 compounds 
was formed by selecting all the hydrocarbons, halohydrocarbons, esters, and 
alcohols from their data set. The hydrocarbons included saturated and unsatu- 
rated aliphatics and aromatics with alkyl substitutions. The halogens included 
bromine, iodine, chlorine, and fluorine. The five halogenated alcohols from 
their data set were placed in a “testing set” because the halogens and the 
hydroxyl groups are individually represented by other members of the set. 
Similarly, cyclohexanol and the four PAH in the original set were also placed 
in the testing set. 

Because the functional groups in amines, ethers, aldehydes, and ketones are 
known to behave in a mechanistically different manner from the rest of the 
compounds, they were excluded from this study. For instance, the amines are 
more soluble in water than the alcohols of corresponding molecular weight. 
The carbonyl group > C=0: in aldehydes and ketones behaves for the most 
part as though the functional group is “ionized” as represented by >C+-O::-. 

The fitted values agreed satisfactorily with the experimental values, except 
in the case of alkanes and the fluorinated compounds in particular, where the 
model generally underestimated, with residues ranging up to 1.11 log units. 

It appeared that the systematic error of certain classes of compounds and 
the unexplained variance could be due to the effect of hydrogen bonding. To 
account for this effect, we followed the approach of Hansch et al.,? where an 
indicator variable, I, is used to differentiate between compounds on the basis 
of their ability to take part in hydrogen bonding. This indicator, I, is assigned a 
value of 1 for all compounds containing an electronegative element (oxygen, 
nitrogen, halogen, etc.) attached directly to a carbon atom holding a hydrogen 
atom. 

Acetylinic compounds and aromatic compounds with partially substituted 
hydrogen atoms were also assigned 1. For the remaining compounds, I was set 
equal to zero. With this indicator variable, the following model was obtained: 


log H = 1.29 + 1.005 ® - 0.468'Xv - 1.2581 (15.9) 
n = 180; r = 0.99; r2 = 0.98; SE = 0.262 


The optimized contributions of the atoms to ® are summarized in Table 15.1. 
This model explains over 98% of the variance in the data, leaving only 2% for 
inadequacy of the model and the experimental errors in the data. The standard 
error is superior to that in other estimation methods, and comparable to that 
in experimental results. The experimental and calculated log H values are 
shown in Figure 15.1. For the QSAR model derived in this study, the absence 
of collinearity among the descriptors was positively confirmed. 

Another criterion for a sound QSAR model is that the general model should 
be valid for smaller subsets of the training set. This ensures that the ‘general 
model is not unduly biased by any influential sets of points. Validation by 
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Table 15.1. Optimized Contributions to Polarizability 


Atom/Bond Contribution 
Carbon 0.577 
Hydrogen® —0.120 
Oxygen —0.825 
Hydroxyl —3.701 
Chlorine —0.187 
Bromine —0.222 
lodine 0.407 
Fluorine -0.570 
Cycle —0.952 
Double bond —0.859 
Triple bond —0.109 


4Attached to carbon atoms only. 


subsets also increases the utility of the general model and its applicability to 
compounds not included in the training set. In this study, various congeneric 
subsets were deleted from the main set, and regression runs were done on the 
remaining members. The results of these runs are shown in Table 15.2. The 
fact that the same descriptors were chosen by the stepwise procedure and that 
the quality of the model and its coefficients are essentially the same for all the 
subsets strongly supports the general QSAR model given by Equation 15.9. 
Next, we used a testing set to demonstrate the predictive ability of this 
model. In addition to the 10 chemicals indicated previously, 10 more, obtained 
from other sources, were added to the testing set. The experimental and pre- 
dicted log H values of these 20 compounds are compared in Table 15.3. In the 


ntal log H 


Ex 





-6 -4 -2 0 2 4 
Calculated log H 


Figure 15.1. Comparison between experimental and fitted log H-refined model with 
indicator variable. 
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Table 15.3. Comparison Between Observed and Predicted Log H Values for Testing Set 
(H in Nondimensional Form) 


Observed Predicted 


No. Chemical Ref. #& 'X” | logH logH Residue 
1 2,2,2-Trifluoroethanol 12 -2.96 0.32 1 -3.15 -3.09 —0.06 
2. 1,1,1-Trifluoro-2-propanol 12 -2.62 1.08 1 —3.05 -3.11 0.06 
3 2,2,3,3-Tetrafluoropropanol 12 -2.56 0.89 1 -3.59 —2.96 —0.63 
4 2,2,3,3,3-Pentafluoropropane 12 -2.50 0.85 1 -3.04 —2.87 -0.17 
5 Hexafluoro-2-propanol 12 -2.43 0.73 1 —2.76 -2.75 -0.01 
6 Cyclohexanol 12 .-2.51 3.05 1 -3.63 -3.92 0.29 
7 Naphthalene 12 -0.34 3.39 1 -1.77 —1.90 0.13 
8 Acenaphthene 12 -0.38 4.43 1 -2.49 —-2.42 —0.07 
9 Anthracene 12 0.86 4.81 1 -3.14 -—1.35 —1.79? 
10 Phenanthrene 12 -0.86 4.81 1 —2.98 -3.08 0.10 
11 -Fluorene 2 -0.57 4.60 1 -2.37 —2.69 0.32 
12 Pyrene 2 —0'5655:55' -3.33 -3.13 —0.20 
13 Biphenyl 2 0.57 4.07 1 -1.77 —1.30 -0.47 
14 1-Methyl naphthalene 2 0.00 3.80 1 -1.96 -1.75 -0.21 
15 1,5-Dimethyl naphthalene 24 -0.48 4.24 1 —1.82 -2.43 0.61 
16 1-Chloronaphthalene 24 -0.41 3.91 1 —1.84 -2.21 0.37 
17 2-Chloronaphthalene 24 -0.41 3.91 1 —1.88 —2.21 0.33 
18 1,2,3-Trichlorobenzene 24 -0.04 3.51 1 -1.30 —1.65 0.35 
19 1,2,3,5-Tetrachlorobenzene 24 -0.10 3.65 1 -1.19 —1.78 0.59 
20 Hexachlorobenzene 25 -0.24 5.08 0 -1.27 —1.33 0.06 
lf alternate experimental value of —1.52 is used, error = —0.17. See discussion in text. 


case of anthracene, the experimental value reported by Hine and Mookerjee is 
-3.14,8 whereas the value predicted by our model is -1.35. A literature search 
revealed two other experimental values: -1.52 and -0.55.!° While the last value 
appears to be out of line, it is premature to comment on the other two experi- 
mental values. Apart from this compound, the QSAR model appears to pre- 
dict reasonably well—particularly so in the case of PAH, when one considers 
the fact that the training set contained none. Even though some members of 
the testing set contain “multiple features” (e.g., the halogen and hydroxyl 
groups in hexa-fluoro-2-propanol), which were represented in the training set 
individually (e.g., by the halogenated compounds and the alcohols), the agree- 
ment between their experimental and predicted log H values shows the utility 
of the model in predicting H for compounds without any experimental data. 


SOLUBILITY 


Aqueous solubility data were collected from the literature for 470 organic 
chemicals. A basic solubility model was developed from a training set of 144 
chemicals using molecular connectivity coupled with Ketelaar’s polarizability 
concept: 


log S = 1.465 + 1.758°X - 1.465°X" + 1.01 @ (15.10) 


n = 144; r? = 0.949; SE = 0.281 


330 ORGANIC SUBSTANCES AND SEDIMENTS IN WATER 


where S = moles/L 
°X = zero-order molecular connectivity term 
°X’ = zero-order volume molecular connectivity term 
® = modified polarizability parameter 


This basic model was then extended to include all the available solubility 
data for 107 PNAs, PCBs, and PCDDs. 

Connectivity indexes alone were not sufficient to account for all the variance 
in the solubility data of a diverse set, and the modified polarizability parame- 
ter had to be included to explain a substantial portion of the variance. For 
Equation 15.10, ® = -0.963 (no. of Cl) - 0.361 (no. of H) - 0.767 (no. of 
double bonds). Subsequently, when compounds with structures and substi- 
tuents vastly differing from those employed in the training set were modeled, 
appropriate terms were added to this ® expression. 

To illustrate the generality of this approach, additional chemicals with addi- 
tional atoms and classes were added (e.g., F., I, alkanes, alkenes, and multiple 
structural and heteroatom features, amines, aldehydes, ketones, nitro com- 
pounds, polychlorinated dibenzo-p-dioxins). The basic model for these 365 
chemicals was 


log S = 1.464 + 1.662°X - 1.367 °X” + 1.001 & (15-41) 
n = 365; r? = 0.967; SE = 0.306 


& = - 0.963(no. of Cl) - 0.361(no. of H) - 0.767(no. of double bonds) 
- 2.620(no. of F) + 1.474(no. of I) + 0.0{mo. of B) 
- 1.24(hydrogen bonding ability) + 1.014(ketone) + 
0.636(no. of NH,) + 0.833(no. of NH) - 1.695(no. of NO,) 
- 1.823(dioxin) 


It is to be noted that this equation covering 365 chemicals is essentially the 
same in form and quality as that obtained originally from the basic training set 
of 145 chemicals. @ is a lumped parameter containing 12 terms, which are used 
only when the chemical contains those appropriate terms. This does not in any 
way violate any statistical standards because of the large database of 365 
chemicals. The observed vs calculated results are shown in Figure 15.2. 


PREDICTIVE ABILITY OF THE GENERAL MODEL 


The validity of our approach and the predictive ability of our general model 
are demonstrated below on various sets of a congeneric series and miscellane- 
ous compounds such as PCBs, PNAs, PCDDs, phenols, etc, which are of 
considerable importance in environmental contamination. Even though many 
of these compounds are not directly represented per se in the training set, their 
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Figure 15.2. Comparison between observed and calculated log S (S in moles/L). 


basic structural features are adequately represented, and therefore, the model 
could be expected to predict satisfactorily without any parameter adjustment. 
All the reported solubility data for 45 PCBs! containing up to 10 chlorine 
substitutions were tested, and the agreement between the observations and 
predictions was found to be quite satisfactory, with an r of 0.955 and standard 
error of 0.287. Further, 38 PNAs containing up to six fused rings were tested, 
and again the agreement was found to be reasonable. Figure 15.3 illustrates the 
quality of the prediction, from which the agreement between the observed and 
predicted log S can be seen to be very good, with r = 0.987 and SE = 0.382. 

The validity of our approach is amply demonstrated by the results of this 
predictive test. The fact that the original training set did not contain any PCBs 
or PNAs adds further credence to our model. This also shows that our model 
parameters are richer in information content relating to aqueous solubility 
when compared to others such as log P®* and total surface area,!!)!3.!4 which 
have been used by many researchers in deriving QSAR models for selected 
congeneric sets of compounds. The robustness of the general model is further 
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Figure 15.3. Comparison between observed and predicted log S (S in moles/L). 


validated when this testing data set is merged with the previous set of 365 
miscellaneous compounds; the same basic model fitted all the 470 chemicals 
with an r of 0.99 and a standard error of 0.332: 


log S = 1.543 + 1.638°X - 1.374°X" + 1.003 ® (15:12) 
n = 470; r = 0.990; r2 = 0.980; SE = 0.332 


TOXICITY TO ENVIRONMENTAL ORGANISMS 


We tested or collected data for the toxicity of a broad range of chemicals, 
including substituted benzenes, substituted phenols, chlorinated aliphatic 
hydrocarbons, and alcohols.'* Each of the chemicals was tested individually. 
Although most toxic wastes include a combination of toxicants, evaluating 
individual constituents is a first step in assessing the toxicity of a mixture. 

We collected laboratory data for three groups of bacteria of central interest 
in the natural environment and in wastewater treatment systems: aerobic 
heterotrophs, Nitrosomonas, and methanogens. Aerobic heterotrophs pre- 
dominate in activated sludge systems and natural aerobic environments, con- 
verting organic material to carbon dioxide and water. Nitrosomonas convert 
ammonia nitrogen to nitrite as the first and more sensitive step in the biologi- 
cal oxidation of inorganic nitrogen. Methanogens are a key organism in the 
conversion of organic matter to carbon dioxide and methane in anaerobic 
environments. Data were also collected from the literature for the fathead 
minnow and the Microtox test. We collected toxicity data for 50-130 chemicals 
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per species to compare the toxicity of the same chemicals to five organisms. 
We then used the data to develop QSARs for nonreactive toxicants. 

We found highly successful QSARs covering a broad range of chemical 
toxicants for all species tested. Our work identifies the advantages and disad- 
vantages of three QSAR methods: octanol-water partitioning (log P), linear 
solvation energy relationships (LSERs), and molecular connectivity. LSER 
QSARs were more accurate and covered the greatest range of chemicals. 
Parameters are more readily available for log P and molecular connectivity 
QSARs. Molecular connectivity indices can be computed with no knowledge 
of chemical properties, simply from structural formulas. It is therefore easy to 
see how changes in structure affect predicted toxicity. However, log P and 
LSER QSARs afford a more intuitive understanding of the properties affect- 
ing toxicity. 

Our QSARs are valuable to practicing engineers for predicting the toxicity 
of untested chemicals to the species considered, provided the chemicals are 
related to our test chemicals. The QSAR equations can be interpreted to find 
clues about the relationship between toxicity and chemical structure. 


QSAR METHODS 


The three QSAR methods mentioned previously — octanol-water partition- 
ing, LSERs, and molecular connectivity — were used in our research of toxicity 
of chemicals to environmental bacteria. Each method is described with 
examples from our research and others’ to indicate its strengths and 
weaknesses. 


Log P 


The octanol-water partition coefficient used as log P is the most common 
parameter used in toxicity QSARs. It models the relative partitioning between 
the aqueous phase and the more nonpolar, lipidlike biophase. As log P 
increases, toxicity increases. At high values of log P, the low aqueous solubility 
will begin to decrease the toxicity of a compound. For this reason, a second- 
order P term or a bilinear term is often introduced. 

Lyman et al. show how log P is obtained by adding fragment constants and 
correction factors.'© Log P can be estimated by a computer-based expert sys- 
tem (CLOGP3) developed by Hansch and Leo at Pomona College.' The avail- 
ability of accurate methods for computation of log P make this parameter easy 
to use. 

We found log P to be quite successful at correlating toxicity. For instance, 
for a training set of 53 chemicals tested for aerobic heterotrophs, we found an 
adjusted r? of 0.82 and a root mean square error of 0.39 (see Figure 15.4). Log 
P was sometimes more successful in correlations for chemicals separated by 
chemical class. For instance, for Microtox bacteria, a QSAR covering a wide 
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log IC 59 = 5.12 - 0.76 log P 
n=53 s=0.39 adjre =0.82 


Predicted Log IC 50 
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Figure 15.4. Aerobic heterotroph log P QSAR. 


range of chemical classes had an adjusted r? of 0.68 and a root mean square 
error of 080. However, a QSAR covering just substituted benzenes achieved an 
adjusted r? of 0.77 and a root mean square error of 0.29. 

Many previous studies have found very successful QSARs using log P in the 
field of aquatic toxicology. Konemann related the toxicity to guppies of indus- 
trial pollutants to log P in a linear relationship (n = 50, s = 0.237, r2 = 
0.976).'’ Veith et al. used a two-term log P relationship to describe the toxicity 
of a variety of industrial chemicals to the fathead minnow.!8 Even more com- 
mon than log P QSARs for diverse chemical sets is the application of this 
method to smaller congeneric series of chemicals. 


LSER 


LSERs developed by Kamlet and coworkers have successfully correlated 
many diverse chemical properties, including toxicity, that depend on solute- 
solvent interactions. They are based on four molecular characteristics, called 
solvatochromic parameters: V;, the intrinsic molecular volume; 7, a measure 
of polarity or polarizability; and a,, and 8,,, measures of the ability to partici- 
pate in hydrogen bonding as a hydrogen donor or acceptor, respectively. A 
particularly good overview of the LSER method is found in Kamlet’et al. 

A limitation of the LSER method is that the parameters are only available 
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for a finite number of chemicals. V; can be computed using a number of 
molecular modeling systems based on structural fragments and standard bond 
lengths and angles such as those described in Leahy et al.! In addition, V; can 
be estimated with sufficient accuracy by the McGowan method.” Values for 
the remaining solvatochromic parameters were originally determined from 
solvent effects on ultraviolet and visible spectra. There are now a number of 
high-quality correlations, particularly with chromatographic data, that can be 
used to find additional parameters. The parameters also have clear chemical 
interpretations. Therefore, it is possible to estimate parameters from closely 
related chemicals. A number of rules are available to help make these esti- 
mates. In spite of these options, obtaining parameters for the LSER method is 
more difficult than for other methods (notably for phenols). 

Of the three methods we considered, LSER produced the most accurate 
QSARs covering the widest range of chemical classes. For example, a QSAR 
for aerobic heterotrophs that included 52 compounds in the training set 
achieved an adjusted r? of 0.92 and a root mean square error of 0.27 (see 
Figure 15.5). 

Other successful toxicity QSARs for nonreactive toxicity have been estab- 
lished for a number of organisms, including Microtox bacteria,”! Golden Orfe 
fish,?? and Daphnia pulex.?3 Chemicals acting by a reactive toxicity mechanism 


log IC,, = 5.24-4.15 V,/100 + 3.71 By, — 0.41 a 
n=52 §=0.27 adjr-=0.92 


Predicted Log IC 50 
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Figure 15.5. Aerobic heterotroph LSER QSAR. 
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are outliers from these relationships. Identification of outliers can provide 
information and impetus for identifying reactive toxicity mechanisms. 

For instance, the differences between the observed and predicted toxicities 
of the carboxylic acid esters for the Golden Orfe fish?? were compared to the 
rate constants for hydrolysis of these compounds and found to correlate with 
an r? of 0.950. Thus, esters that hydrolyze rapidly showed enhanced toxicity, 
and those that hydrolyze slowly showed lesser toxicity and, in the extreme, 
followed a nonreactive toxicity mechanism. 

The toxicity QSARs using LSER are all similar in form and relate to the 
physical meaning of the parameters. As the intrinsic molar volume or the 
hydrogen bond donor acidity increases, aqueous solubility decreases and toxic- 
ity increases. As the hydrogen bond donor acceptor basicity increases, aqueous 
solubility increases and toxicity decreases. The only term that runs counter to 
the trend expected on the basis of solubility is polarity-polarizability. As polar- 
ity increases, aqueous solubility increases and so does toxicity. Kamlet et al. 
hypothesized that this effect may relate to the mechanism of nonreactive 
toxicity.” 


Molecular Connectivity 


Molecular connectivity uses graph theory techniques to calculate indexes by 
treating the hydrogen-suppressed chemical structures as linear and star graphs 
and identifying the various connected paths and clusters or subgraphs. Further 
details on the definitions and calculations of these indexes can be found in Kier 
and Hall.” 

We found very accurate QSARs using molecular connectivity. For example, 
for aerobic heterotroph data including 46 compounds, a correlation using two 
indices yielded an adjusted r? of 0.78 and a root mean square error of 0.43 (see 
Figure 15.6). Although we found molecular connectivity QSARs covering 
many classes of compounds, the accuracy was sometimes improved by separat- 
ing compounds by class. 

The valence index, 'X’, carries information relating to both volume and 
electronic character. Higher-order indices, based on larger substructures, 
encode more complex aspects of structure and often appear in multivariate 
regression analyses of molecules for physical and biological properties.24 Addi- 
tional information is contained in terms derived from the addition of valence 
and nonvalence indices and subtraction of valence and nonvalence indices for 
a given order.*° Other researchers have tried to relate indices to known physical 
qualities with limited success.”°?” Therefore, although some molecular connec- 
tivity indices have been correlated with— or hypothesized to describe — specific 
characteristics, they are not defined well enough to be selected a priori for use 
in correlations. They are selected to optimize the correlation statistically. 

In our work, the indices most often selected for inclusion in toxicity QSARs 
were a zero-order or first-order index. The second index selected was often a 
“difference index,” derived from the subtraction of a valence from a nonva- 
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log IC5p = 6.09 - 0.59 °X + 2.29 (1X-1X¥) + 0.37 SX¢ 
n=46 s=0.43 adjre=0.78 
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Figure 15.6. Aerobic heterotroph molecular connectivity QSAR. 


lence index. The similarities found between the indices used in our different 
toxicity QSARs support the presumption that these indices are describing 
fundamental aspects of toxicity. 

Other researchers have used molecular connectivity in environmental toxi- 
cology. Murray et al. used molecular connectivity to correlate biological activ- 
ity that had previously been described in QSARs using log P.** Hall and Kier 
derived equations describing the antimicrobial action of halogenated phenols 
in an inverse relationship to 'X and a hyperbolic relationship with 'X.”? Schultz 
et al. developed a structure-activity relationship for the toxicity of nitrogenous 
heterocyclic compounds to the freshwater ciliate Tetrahymena pyriformis.*° 
This correlation showed an improvement in r? over a previous correlation of 
the data using log P. 

Koch used first- and second-order valence connectivity indices to correlate 
toxicological data.3!32 He found that the accuracy of the linear relationships 
depended on the test organism and the similarity of the structure of chemical 
compounds. Better correlations were found for homologous series of chemi- 
cals rather than for more diverse sets. Koch developed QSARs for bioconcen- 
tration, sorption, and toxicity to guppies of a wide variety of environmental 
pollutants. All QSARs showed a linear dependence on EXT 

Sabljic and Protic showed the bioconcentration of a variety of halogenated 
environmental contaminants to be well correlated by a parabolic relationship 
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with 2X’.33 Sabljic demonstrated a correlation of toxicity to sheepshead min- 
nows of chlorinated compounds with °X.*4 

Boyd et al. looked at a congeneric series of antimicrobial chemicals that had 
been previously correlated with log P.*° They found that higher-order (third-, 
fourth-, and fifth-order) connectivity indices provided improved correlations 
over log P. 

Molecular connectivity relationships are often used to make structural inter- 
pretations of toxicity.”+°3° For instance, Hall and Kier developed a QSAR for 
toxicity of substituted phenols to fathead minnows.™ They were able to show 
that an increase in molecular size (and hence 'X) results in increased toxicity. 
The inclusion of *X¥ in the equations showed that valence definition of the 
indices is influential in describing toxicity. Hall and Kier pointed out that 
similar structural interpretations of toxicity are not possible in correlations 
based on physicochemical properties such as log P.” . 


EFFECT OF HALOGEN ADDITIONS ON A MOLECULE 


It is worthwhile to visually note the relative effect of halogen additions to a 
molecule on Henry’s constant, aqueous solubility, soil sorption, and environ- 
mental organism toxicity. The trend of a chemical property can abruptly 
change with additional halogenation in some cases, as will be noted below. In 
the following figures, experimental data are plotted for solubility, Henry’s 
constant, and toxicity to the four organisms. The soil sorption data are the 
results of Sabljic’s model.*° 

With the two to six chlorinated ethanes, Henry’s constant declines up to 
tetra and increases for penta and hexa (Figure 15.7). Aqueous solubility shows 
a decline with additional chlorination. Sabljic correlated molecular structure 
and soil sorption, and soil sorption shows a regular increase with chlorina- 
tion.*° Heterotrophic and Microtox toxicity show a general decline in IC., with 
chlorination, i.e., more toxic with addition of chlorines. However, methano- 
gen toxicity shows an abrupt decrease in IC, for tri vs di chlorination, fol- 
lowed by an increase in IC, from tri to hexa. Nitrosomonas also shows di and 
hexa to be least toxic and tri, tetra, and penta chlorination to show more severe 
toxicity, i.e., reduced IC... Conversely, Microtox shows additional chlorina- 
tion of the ethane molecule to yield progressively increased toxicity. 

Figure 15.8 shows the response of single chlorine substitution on propane, 
butane, pentane, hexane, octane, and decane. Solubility declines in a regular 
manner with carbon chain length, and soil sorption increases regularly with 
chain length. Heterotrophic toxicity increases generally with chain length, with 
a slight exception for hexane. Methanogen toxicity shows little regular pattern 
with increasing chain length; Nitrosomonas shows an abrupt toxicity reduction 
for the chlorinated octane and a slight decrease in IC., for propane to hexane. 
Microtox shows reduced tolerance as chain length increases except for octane. 

Figure 15.9 shows the exceptional predictability of the alcohol congeners. 
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Figure 15.7. 
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Effect of halogenation on ethane. 
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Figure 15.8. Effect of single chlorine on alkanes. 
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Figure 15.9. Predictability for alcohol congeners. 


Figure 15.10 shows the patterns for chlorobenzenes, which yield irregular 
toxicity response with Nitrosomonas and Microtox. Figure 15.11 shows a 
general trend of reduced solubility of dioxins with increased chlorination. 
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Figure 15.10. Effect of chlorination on benzene. 


SUMMARY 








CHEMICAL CODE 


1- Chlorobenzene 
2- 1,2 Dichlorobenzene 

3- 1,2,3 Trichlorobenzene 

4- 1,2,3,4 Tetrachlorobenzene 
5- Pentachlorobenzene 

6- Hexachlorobenzene 










The environmental fate of organic chemicals is directly related to their 
physical and chemical characteristics. Aqueous solubility, soil sorption, gas 
liquid partitioning, and toxicity to relevant environmental organisms are 
reviewed with particular emphasis on the quantitative structure-activity rela- 
tionships which have been developed. These models are based upon four 
approaches to QSAR modeling —log P, linear solvation energy relationships, 
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Figure 15.11. Solubility variation of chlorinated dioxins. 


molecular connectivity, and a modification that incorporates polarizability of 
the molecule. Large data sets have been successfully modeled. All organic 
chemicals (470) with aqueous solubilities reported in the literature were suc- 
cessfully incorporated into one model with r? = 0.98. Likewise, all organic 
chemicals (180) with Henry’s constants reported in the literature were incorpo- 
rated into another model with r? = 0.98. IC,, on a large set of organic chemi- 
cals which caused 50% inhibition to aerobic heterotrophs, methanogens, 
Nitrosomonas, Microtox, and fathead minnows was modeled by QSAR meth- 
ods, and the correlations between the various organisms were determined. 
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CHAPTER 16 


Reduction of Hexachloroethane and Carbon 
Tetrachloride at Surfaces of Biotite, 
Vermiculite, Pyrite, and Marcasite 


Michelle R. Kriegman-King and Martin Reinhard 


INTRODUCTION 


Contamination of groundwater resources by halogenated compounds spur- 
red the formation of a national program to clean up hazardous waste sites 
across the United States. Compounds such as carbon tetrachloride (CTET), 
chloroform (CF), and hexachloroethane (HCA) are a few of the chemicals 
which have been proposed to be “characteristic” hazardous wastes to be 
included in the toxic contaminant leachate potential (TCLP) test.! Conse- 
quently, chemical and biological transformation pathways are being studied to 
aid in understanding the fate of these contaminants in groundwater environ- 
ments and to apply the processes occurring naturally in groundwater environ- 
ments to remediation technologies. This chapter shows the importance of 
mineral surfaces and common environmental reductants such as sulfide in 
abiotic transformations of HCA and CTET and summarizes pertinent 
literature. 

Halogenated aliphatic compounds can be chemically transformed by reduc- 
tive dehalogenation (hydrogenolysis) and reductive elimination (diha- 
loelimination) in sediment-water systems.?* Hydrogenolysis and diha- 
loelimination are electron transfer reactions that remove (one and two, 
respectively) halogens from haloaliphatics forming halides, radical intermedi- 
ates, and reduced organic products. An example of reductive elimination is the 
transformation of HCA to tetrachloroethylene (PCE): 


Cl,C-CCl, + 2e° > ClC=CCl, + 2Cl: 


In this reaction, two electrons need to be donated for every HCA that is 
reduced. In groundwater environments, ferrous iron or hydrogen sulfide in the 
aqueous or solid phase could provide these electrons. Both ferrous iron and 
sulfide (HS-) tend to be stable under reducing conditions. In homogeneous 
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solution, they may act as electron donors according to the following 
reactions: 


Fe(II) ~ Fe(III) + & 
and 
2HS- ~ HSSH + 2e 


where HSSH is hydrogendisulfide. At circumneutral pH, once the ferrous iron 
becomes oxidized, it forms an amorphous precipitate which crystallizes with 
age.’ In the solid phase, Fe(II) commonly occurs in minerals found in crystal 
rocks, such as biotite, amphibole, pyroxene, magnetite, ilmenite, and clays.° 
The heterogeneous oxidation of ferrous iron present in these silicate and oxide 
minerals could be formulated as follows: 


[Fe(IT),nM* mineral #3 [Fe(III),(n al DML? | iccest c. Me Seal 


where M?* is a cation released to solution to maintain a charge balance in the 
mineral.’® Farmer et al.’ and Veith and Jackson® indicated that the electroneu- 
trality of micaceous vermiculite during oxidation of structural Fe(II) is main- 
tained by a reversible deprotonation of octahedral hydroxyl groups or an 
irreversible expulsion of octahedral metal cations. 

Surface sulfide groups in sulfide minerals such as pyrite can act as electron 
donors and can be oxidized to polysulfides, elemental sulfur, thiosulfate, and 
ultimately to sulfate.®!° In the presence of sheet silicates, sulfide can adsorb at 
AIJ-OH and Mg-OH edge sites. These sites are protonated below pH 9 and 12, 
respectively. Katser and Ropot studied the adsorption of HS~ on natural sheet 
silicates and showed that 0.1 g/L slurries of bentonite, hydromica, and paly- 
gorskite adsorbed more than 90% of 0.6 mM HS: within 4 hr.!'! No informa- 
tion is available in the literature on the redox properties of sulfide sorbed by 
mica surfaces. 

In this chapter, we report that the transformation rates of HCA and CTET 
are significantly faster in mineral systems than homogeneous systems, particu- 
larly when sulfide is present. HCA was chosen as a model compound because 
it is a fully halogenated ethane whose dehalogenation product, PCE, is formed 
nearly quantitatively and is easy to monitor. Transformation of CTET, a 
common environmental contaminant, was also studied. CF, the expected 
hydrogenolysis product of CTET transformation, was the only CTET trans- 
formation product identified, and most of the products (> 80%) remain 
unidentified. 

The minerals that were used in this study were biotite, vermiculite, pyrite, 
and marcasite. Biotite and vermiculite are 2:1 sheet silicates with iron predomi- 
nantly in the octahedral layer. Biotite is characterized by a relatively high 
ferrous iron content (3.41 weight percent) and an interlayer spacing of 9.8 iN 
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Since vermiculite is a weathering product of biotite, its ferrous iron content is 
considerably lower (0.89 weight percent) than that in biotite, and its interlayer 
spacing is approximately 14 A. The interlayer spacing is much larger in vermi- 
culite because the potassium interlayer cations in biotite are exchanged for 
sodium, calcium, or magnesium, which become hydrated. The expandable 
sheets of vermiculite provide additional internal surface area. Pyrite and mar- 
casite are iron sulfides with the chemical formula FeS,. The structural differ- 
ence between them is that pyrite is a cubic mineral and marcasite is orthorhom- 
bic. Although pyrite is much more common than marcasite, both minerals are 
found in anoxic sedimentary environments.® 


MATERIALS AND METHODS 


Biotite and vermiculite were obtained from Ward’s Scientific Establishment, 
Inc. (Rochester, NY). The minerals were wet ground with an Osterizer blender 
(using deoxygenated Milli-Q water) in an anaerobic glove box, which had a 
90% N,/10% H, atmosphere. After grinding, the minerals were freeze-dried, 
dry-sieved to three size fractions (< 200, 200-50, > 50 mesh U.S. Standard), 
and stored in the anaerobic glove box. The 50-200 mesh (75-300 pm) size 
fraction was used for the experiments. Pyrite and marcasite were also obtained 
from Ward’s Scientific Establishment. The pyrite, from Custer, South Dakota, 
contained lead, copper, and zinc as minor impurities. The marcasite, from 
Dundas, Ontario, contained lead, cadmium, copper, nickel, and zinc as minor 
impurities.!2 The pyrite and marcasite were ground in a ball-mill and dry- 
sieved to three size fractions, as above. The 75-300 pm size fractions of pyrite 
and marcasite were cleaned to remove any oxidized coating. The cleaning 
method was based on “method 3” described by Moses et al.!° A 15-g sample of 
the mineral was placed in 250 mL of boiling 6 N HCI for 15 min. The mineral 
was allowed to settle for 5 min, decanted, rinsed twice with 150-200 mL of 
boiling 6 N HCl, which was allowed to settle for 5 min before decanting. The 
mineral was then rinsed with warm acetone according to the same procedure. 
The cleaned mineral was transferred to a preweighed vial and placed in the 
glove box to dry for 24 hr. After drying, the vial was weighed so a known 
amount of mineral was added to the slurry for the transformation 
experiments. 

All transformation experiments were conducted in flame-sealed glass 
ampules because the reaction times were on the order of weeks to months at 
elevated temperature. To minimize oxidation in the autoclave, the biotite- or 
vermiculite-filled ampules were autoclaved under a nitrogen atmosphere. The 
method of filling the ampules was similar to that described by Barbash and 
Reinhard.'? After autoclaving, ampules were placed in the anaerobic glove box 
and were filled with Tris buffer (Sigma Chemical Co., St. Louis, MO) that was 
cold-sterilized with a 0.2-~m polysulfone membrane filter (Gelman Sciences, 
Ann Arbor, MI). Pyrite and marcasite were added to the ampules as slurries 
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because the minerals could not be removed from the glove box once they were 
cleaned. The buffer solutions were made outside the glove box and were 
autoclaved and deoxygenated. Once the buffers were in the glove box and 
deoxygenated by bubbling glove box atmosphere through the buffer solutions, 
the cleaned pyrite or marcasite was added. The ampules were filled with a 
sterilized syringe and needle, which was fitted to the slurry with sterilized 
PTFE tubing and a three-way valve. Ampules were covered with polyvinyli- 
dene chloride (Saran) sheets, secured with rubber O-rings, and removed from 
the glove box. Ampules were immediately spiked with an aqueous or methano- 
lic spike and flame-sealed with an oxygen/propane flame. 

Sealed ampules were held in the dark in a 50°C (£0.1°C) water bath for the 
duration of the experiment. Samples were regularly removed from the bath, 
manually mixed, and returned to the bath within 5 min. At each sampling 
time, two ampules for each experimental condition were removed from the 
constant temperature bath, centrifuged, extracted, and analyzed for CTET or 
HCA and their products (PCE or CF) using a bess chromatograph equipped 
with an electron capture detector. 

Adsorption of 1 .»M HCA onto biotite was measured over 165 days under 
the same experimental conditions as the transformation studies, except the 
reaction temperature was 25°C to prevent transformation of the HCA. Sorp- 
tion remained constant at 7 + 1.3% (99% confidence interval) over the time 
scale of the experiment. The biotite used in these experiments has a BET 
surface area (determined by krypton adsorption) of 1.44 m?/g. Thus, the 
amount of HCA adsorbed onto biotite at a given time during an experiment is 
7.6 X 10% molecules/nm?. 


EVALUATION OF KINETIC DATA 


The reaction between haloaliphatics (RX) and the reductants (ferrous iron 
or sulfide complexes) in solution or at mineral surfaces was evaluated to see if 
a pseudo-first-order rate model with respect to RX could be applied. The data 
were evaluated using the rate law: 


-d[RX] 
dt 





= k taba [RX] otat 


because the reductants (ferrous iron or sulfide in solution or in the solid phase) 
were always at least two orders of magnitude in excess. [RX],o.a1 Corresponds to 
the sum of the dissolved and sorbed RX per volume. 

In both homogeneous and heterogeneous systems k’,,,, may be comprised of 
several pseudo-first order reaction constants. In homogeneous solutions, k’,,, 
may be the sum of the rates due to reaction with water and with the reductant: 


(k'obs)homo = Ky foie? a kus. 
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Table 16.1. Observed Rate Constants for the Disappearance of 1 »M HCA at 50°C and 
[Tris(hydroxymethy!)aminomethane (Tris Buffer)] = 0.01 M 


Exper. Solids [Sulfide] K’ obs ty2 

Name Mineral Conc (g/L) pH (mM) (days~')> (days) 
H — _ 8 0 0.0019 + 0.0006 365 
HB biotite 38.5 8 0 0.0036° + 0.001 190 
HV vermiculite 38.5 8 0 0:012° + 0.005 57 
HS — _ 7.8 4 0.046 + 0.028 15 
HBS biotite 38.5 7.8 4 1.06° + 0.36 0.65 
HVS vermiculite 38.5 7.8 4 1.538° + 0.45 0.45 


9H = HCA, B = biotite, V = vermiculite, S = sulfide. 
695% confidence interval around k’ op. 
°Rate constants in the presence of solids. 


In heterogeneous systems, k’,,, would include the homogeneous rate constants 
in addition to several heterogeneous rate constants, such as 


’ = ' ' ’ ’ 
(k ébabetere ee (k obey Homo - k primary mineral a k secondary mineral +r k adsorbed reductant 


In this case (k’,,,)nhomo WOuld include terms for water, sulfide, and aqueous 
reductants formed by mineral dissolution. For our sheet silicate/sulfide experi- 
ments, the primary mineral rate constant (K’pimary mineral) WOuld be for reaction 
with the sheet silicate; the secondary mineral rate constant (k’,.condary mineral) 
would be for reaction with precipitated iron sulfides, if formed; and the 
adsorbed reductant rate constant (k’ jasorbed reductan,) WOUld be for reaction with 
sulfide adsorbed onto the sheet silicate surface. These rate constants are likely 
to be a function of pH, surface area, reductant concentration, and 
‘temperature. : 

Rate constants (k’,,,) were calculated from the slope of plots of In(C,/C,) 
versus time, where C, is the concentration at time = 0 and C, is the concentra- 
tion of the sample at time t. Linear regressions were calculated by allowing the 
intercept to float and by forcing the intercept through zero. The difference 
between the intercepts was tested by comparing the 95% confidence intervals 
based on the standard error of the estimates. The rate constants calculated 
with the floating intercept are presented in this chapter. The 95% confidence 
interval of k’,,, was calculated using the standard error of the slope. 


RESULTS 


The experimental conditions for the transformation of HCA and CTET are 
summarized in Tables 16.1 and 16.2. In experiments conducted with sulfide, 
the pH was at 7.7-7.8. Because the pK, of the first dissociation of hydrogen 
sulfide at 50°C is 6.73 + 0.02,'4 ninety percent of the total sulfide in these 
experiments was present as HS-, which is probably the reactive sulfur species. 
In the experiment with 0.1 mM ferrous iron in solution, HYDRAQL, a chemi- 
cal equilibrium program,' predicted that 95% of the iron was present as aquo- 
iron (Fe?*,,). The remaining iron was complexed with chloride and sulfate. 
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Table 16.2. Observed Rate Constants for Disappearance of 1 »M CTET at 50°C, [Tris] = 
0.01 or 0.05 M (Pyrite, Marcasite Experiments) 


Exper.? Solids [Sulfide] [Fe] K’ obs ty2 
Name Mineral Conc (g/L) pH (mM) (mM) (days~')° (days) 
ce S = a 0 0 0.0018 380 
cs = 7.7 4 0 0.005 + 0.004 130 
CBS biotite 38.5 TAT, 4 0 0.159 +0012 4.5 
Cvs vermiculite 38.5 Cot 4 0 0.244 +0012 29 
CFe = Ce 6.6 0) 0.1 0.0066 + 0.003 100 
cP pyrite 18.1 7.5 0 ) 1.599 + 0.27 0.44 
CM marcasite 17.3 7.6 0 0 0.829 + 0.16 0.85 


4C = CTET, S = sulfide, B = biotite, V = vermiculite, Fe = ferrous iron, P = pyrite, and M = 
marcasite. 

595% confidence interval around kip. 

Calculated from Jeffers et al.'® 

dRate constants in the presence of solids. 


In Table 16.1, the overall rate constants (k’,,,) and calculated half-lives at 
50°C are summarized for the disappearance of HCA in homogeneous solution 
with and without 4 mM HS (experiments HS and H, respectively), and in 
heterogeneous systems with biotite and vermiculite with and without HS-. As 
shown in Figures 16.1 and 16.2, HCA is slowly reduced to PCE in the presence 
of biotite and vermiculite. The HCA and PCE data were fitted using a first- 
order model. The scatter in the Day 190 data is unexplained. By adding HS-, 
the half-lives of HCA to PCE were shortened to 0.65 and 0.45 days, respec- 
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Figure 16.1. HCA transformation in the presence of biotite and vermiculite at 50°C and pH 8. 
H = HCA, B = biotite, V = vermiculite. 
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Figure 16.2. PCE appearance in the presence of biotite and vermiculite at 50°C and pH 8. 
H = HCA, B = biotite, V = vermiculite. 
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Figure 16.3. HCA transformation in the presence of HS, biotite, and vermiculite at 50°C and 
pH 7.8. H = HCA, S = sulfide, B = biotite, and V = vermiculite. 
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Figure 16.4. CTET transformation in the presence of pyrite and marcasite at 50°C. C = 
CTET, M = marcasite, P = pyrite. 


tively (Figure 16.3). These data demonstrate that the combination of minerals 
and sulfide increases the transformation rate of HCA compared to its trans- 
formation rate in water or in mineral systems without sulfide. The heteroge- 
neous disappearance of HCA in the presence of HS- also adhered to a first- 
order model over more than three half-lives. In the homogeneous systems, 
adherence to first-order kinetics was not clear because of the low conversions. 

The transformation of CTET was studied in homogeneous solution with 4 
mM HS: and in heterogeneous systems with HS- and biotite or vermiculite. 
Table 16.2 shows the observed rate constants for these systems. The calculated 
hydrolysis rate of CTET at 50°C is included in Table 16.2 for comparison. !¢ 
CTET transformation was also studied with natural iron sulfides (pyrite and 
marcasite) because they react readily with oxygen and ferric iron, and they are 
suspected to form as secondary minerals at the surface of biotite and vermicu- 
lite immersed in sulfide solutions. Although the 18 g/L of pyrite and marcasite 
used in these experiments is higher than amounts expected to form at the 
surface of the sheet silicate systems, the levels of iron sulfides used in this study 
can be compared to levels found in salt marsh and coastal marine sedi- 
ments.'7"° As shown in Table 16.2 and Figure 16.4, both pyrite and marcasite 
reacted very quickly with CTET. The data for CTET disappearance in the 
presence of iron sulfide minerals also adhered to a first-order model over more 
than five half-lives. 
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Addition of 18 g/L of pyrite or marcasite increased the reaction rate with 
CTET by two orders of magnitude above the rate with 4 mM sulfide or 0.1 
mM ferrous iron in solution. These rate increases support a heterogeneous 
mechanism because iron sulfides are extremely insoluble (with the pK,, on the 
order of 18). In experiments CS and CFe, sulfide or ferrous iron in solution (at 
concentrations much higher than could be achieved by pyrite dissolution) 
could not account for the fast reaction with pyrite or marcasite. Furthermore, 
the slow reaction in the CS and CFe experiments also show that the transfor- 
mation rate in the sheet silicate/sulfide systems is due to a heterogeneous 
mechanism, possibly from secondary iron sulfide formation. 


DISCUSSION 


Our study of the reactions of HCA and CTET with environmental reduc- 
tants and mineral surfaces demonstrated that transformation of halogenated 
aliphatic compounds can be promoted by heterogeneous processes. To gain 
insight into the mechanism of these heterogeneous transformations, we com- 
pared the organic reactions studied herein with studies of heterogeneous reac- 
tions between the Fe(II)-bearing minerals and inorganic redox agents. Studies 
of heterogeneous processes of hydrophobic organics which might serve as an 
analog are electrode processes.”° Studies of mineral oxidation by inorganic 
compounds, such as ferric iron, oxygen, and hydrogen peroxide, and specu- 
lated reaction mechanisms are described below. 

The literature discussed below shows that minerals can promote heteroge- 
neous transformations of organic and inorganic compounds by 


1. concentrating the reactants at the surface, which increases the proximity of 
the reactants, thereby increasing the probability of reaction, 

2. placing the reactants in a more favorable redox environment, and 

3. altering the reactant’s configuration at the mineral surface, causing the reac- 
tivity to increase. 


The types of heterogeneous redox reactions that have been studied are summa- 
rized in Table 16.3. The table includes sheet silicates and iron sulfides as the 
mineral surfaces and considers both organic and inorganic redox agents. 


Oxidation of Sheet Silicates 


Biotite and vermiculite significantly increased the transformation rate of 
HCA compared to the rate in water. The heterogeneous electron transfer 
reaction which could describe the observed reaction between HCA and the 
sheet silicates could be of the form: 


2[Fe(II),nM* Jmineraa + HCA > 2[Fe(III),(n - 1)M*]minerar + PCE 
+ 2Cl + 2Mt 
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Table 16.3. Heterogeneous Oxidation of Sheet Silicates and Pyrite 


System 
Sheet Silicates: 


Reference 


Proposed Surface 
Site 


On (21) White and Yee, 1985 not proposed 
HzO. (7) Farmer et al., 1971 interlayer 
(8) Veith and Jackson, 1974 not proposed 
(22) Amonette et al., 1985 interlayer 
HOCI (22) Amonette et al., 1985 not proposed 
Bro, HOBr (7) Farmer et al., 1971 interlayer 
(22) Amonette et al., 1985 interlayer 
Fest (21) White and Yee, 1985 not proposed 
(24) Graf von Reichenbach and interlayer 
Beyme, 1988 3 
Cu* (23) Sayin, 1982 interlayer 
HCA This chapter interlayer 
CTET, HCA (with HS-) ‘This chapter edges? 


iron sulfide precipitates? 


Pyrite: 
Oz (25) Singer and Stumm, 1970 indirect oxidant® 
(26) Goldhaber, 1983 sulfur sites 
(28) McKibben and Barnes, 1986 not proposed 
(10) Moses et al., 1987 indirect oxidant® 
(29) Nicholson et al., 1988 sulfur sites 
HzO. (28) McKibben and Barnes, 1986 not proposed 
Fe?+ (25) Singer and Stumm, 1970 sulfur sites 
(27) Wiersma and Rimstidt, 1984 not proposed 
(28) McKibben and Barnes, 1986 edges, pits, defects 
(10) Moses et al., 1987 sulfur sites 
Pd?+ (31) Hyland and Bancroft, 1990 sulfur sites; edges, pits, 
defects 
(32) Bancroft and Hyland, 1990 same 
Electrochemical (30) Mycroft et al., 1990 sulfur sites 
ocl- (12) Umana, 1979 sulfur sites 
CTET This chapter not proposed 


"Oxygen acts to oxidize Fe** to Fe**, and the Fe°* sustains pyrite oxidation. 


The stoichiometry of this reaction is difficult to verify because we can not 
measure iron speciation accurately enough. The addition of sulfide to the 
biotite and vermiculite systems made the reactions much faster; the transfor- 
mation rate of HCA in the presence of HS- and biotite or vermiculite increased 
by more than an order of magnitude over the rate observed in the absence of 
HS~. The sheet silicate surfaces with sulfide increased the transformation rate 
compared to that of HCA in solution with sulfide by approximately an order 
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of magnitude. In homogeneous solution there was an absence of significant 
reaction between the haloaliphatics and HS-, suggesting that the reaction with 
HS: is heterogeneous. Although the exact mechanism is not known, it appears 
that HS can influence the reaction rate in the following three ways: 


1. HS” can regenerate Fe(II) sites, in particular the most accessible ones, as 
shown in the reaction 


2[Fe?* ,(n - 1)M*]mineraa + 2HS- + 2M+ > HSSH + 2[Fe?+,nM*]pnineral 


where HSSH is a disulfide which can become further oxidized to polysulfides 
and sulfate. 

2. HS can transfer electrons to the haloaliphatic via a surface reaction which 
does not include surface or structural ferrous iron according to the reaction 


2[HS“lescorsea + HCA > [HSSH]asorpea + PCE + 2CI- 


3. HS~ can react with ferrous iron which has dissolved from the minerals to form 
an iron sulfide precipitate. This iron sulfide precipitate can act as an electron 
donor, as was shown for CTET using iron sulfide minerals. 


Our data do not allow us to evaluate which of the above mechanisms is most 
likely. In order to look for analogies, we have summarized the literature which 
discusses oxidation of ferrous iron in sheet silicates. Oxidation of structural 
ferrous iron can occur while the iron remains in the sheet silicate lattice. In 
1985, White and Yee showed that the oxidation of structural ferrous iron in 
augite, biotite, and hornblende by either ferric iron or oxygen was a surface 
reaction.?! Electron transfer occurred between structural ferrous iron and the 
aqueous oxidants. In experiments with *Fe**,, as the oxidant, White and Yee 
observed that the °Fe?+,, was reduced to *Fe?*+, which remained in solution.”! 
Thus, the reaction could not be explained by dissolution of structural Fe?* and 
subsequent oxidation in solution. In addition, they bracketed the standard 
potential for the reduction of ferric iron silicates to be between + 0.33 and 0.52 
V, according to the reaction: 


[Fe?*] .iticate a8 1/z M’* acme [Petr 17z M?* J iticate 


since the standard electrode potential for the reduction of ferric iron in solu- 
tion is + 0.77 V, ferrous iron in the silicates is a stronger reductant than ferrous 
iron in solution. Because the standard potential of iron in the silicates is lower 
than iron in solution, the reduction of HCA by biotite and vermiculite is 
thermodynamically more favorable than the reduction in solution. 

The interlayers of sheet silicates are the suggested site for oxidants which 
react with ferrous iron in the octahedral layers. Amonette et al. studied the 
effectiveness of H,O,, Br, (and HOBr), and OCI as oxidants of ferrous iron 
in biotite.22 When the biotite was expanded by pretreatment with sodium 
tetraphenylborate (NaBPh,), hydrogen peroxide (H,O,) and bromine (Br,) 
oxidized more of the ferrous iron more quickly than without the NaBPh, 
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pretreatment. The Br, experiments were conducted at low pH, which could 
have induced dissolution and dehydroxylation of the mica. The relative 
effects of H,O, and Br, were not conclusive because of the low pH of the Br, 
solution, decomposition of H,O,, and interactions with NaBPh,. Hypochlo- 
rite (OCI-), on the other hand, was an ineffective oxidant whether or not the 
biotite was expanded. The ineffectiveness of OCI as an oxidant of biotite 
may be due to anion exclusion of OCI- from the interlayers.”7 Their work 
suggests that the interlayers are the preferred site for the oxidation of biotite. 
In our experiments the oxidant is hydrophobic and will not undergo site- 
specific adsorption. However, vermiculite can absorb organic liquids in its 
interlayers,® suggesting that the haloaliphatics could adsorb in the 
interlayers. 

Transition metal cations exchanged within the interlayers may also promote 
oxidation of structural metal cations. Cupric ions (Cu*+) can catalyze the 
oxidation of structural Fe?+ in vermiculitized biotite.2? Since cuprous ions 
(Cu'*) are not stable under oxic conditions, Sayin proposed that Cu?+ in the 
interlayer position oxidizes the Fe?+ to Fe3+, and the Cu'* is subsequently 
oxidized by O, to form Cu?+. In this reaction scheme, Cu?* acts as a catalyst 
since the Cu?* concentration is regenerated. In experiments conducted at pH 
= 2.8 and at a fixed Fe?*,,/Fe?*,, activity ratio, the oxidation rate of struc- 
tural Fe?*+ by Fe?* was closely related to the cation exchange rate of Fe?+ into 
the interlayer exchange sites.*4 The rate of oxidation increased at higher redox 
potentials because (1) the Fe?* activity in solution was higher, and (2) Fe?+ 
preferentially adsorbs in the interlayer positions relative to Fe2+. Therefore, an 
increase in redox potential causes an increase in interlayer Fe?+, which pro- 
motes structural Fe**+ oxidation. These studies show that the interlayers pro- 
vide a favorable environment for electron transfer, and the electron transfer 
can occur across the sheet silicate lattice. 

The studies reviewed above suggest that the oxidation of structural Fe2+ in 
sheet silicates by inorganic oxidants probably occurs by the following reaction 
sequence: 


1. exchange of the oxidants into the interlayers 
2. electron transfer across the octahedral oxygen or hydroxyl 
3. release of a cation or proton to maintain the charge balance in the mineral. 


Using the above studies as an analog, it seems possible that in systems without 
HS’, HCA diffuses into the interlayers before it can undergo electron transfer. 
In systems with HS-, the HS- will be adsorbed to the Al-OH and Mg-OH edge 
sites, and excluded from the interlayers. The accessibility of HS- at the edges is 
a possible cause of the increased reaction rate of the haloaliphatics in the 
presence of HS and sheet silicates as compared with the sheet silicates alone. 
The reactivity of pyrite and marcasite with CTET suggest that if iron sulfide 
precipitates are forming in the sheet silicate systems, these secondary minerals 
may also be reacting with CTET. 
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Oxidation of Pyrite 


The experiments with pyrite and marcasite showed that CTET can be 
reduced by iron sulfide surfaces, but the mechanism of electron transfer is 
unknown. Inferences may be possible from studies involving aqueous pyrite 
oxidation by oxygen and metal ions. In the initial work by Singer and Stumm, 
a pyrite oxidation model was proposed in which ferric iron was the direct 
oxidant of pyrite.* The reduced Fe(II) was recycled (reoxidized) to Fe(III) by 
molecular oxygen, which further propagated pyrite oxidation. In abiotic sys- 
tems, the rate limiting step is the oxidation of Fe(II) by oxygen.° Goldhaber,”® 
Wiersma and Rimstidt,27 McKibben and Barnes,28 Moses et al.,!° and 
Nicholson et al.”° all suggest that abiotic pyrite oxidation is controlled by a 
surface process. McKibben and Barnes’ SEM micrographs of cleaned pyrite 
and oxidized pyrite indicated that pyrite oxidation occurred at edges, corners, 
and other defects (high energy sites).”® If oxidation occurs at defects, then the 
oxidation rates will be very sensitive to mineral pretreatment. 

Measurements of aqueous pyrite oxidation intermediates and consideration 
of molecular orbital theory have led to a better understanding of the mecha- 
nism for pyrite oxidation. X-ray photoelectron spectroscopy (XPS) was used 
to study electrochemical oxidation of pyrite, and galena and sphalerite oxida- 
tion by palladium(I) and gold(III).*°?! XPS analysis of the oxidized metal 
sulfides showed the formation of polysulfides at the surface but did not pro- 
vide evidence of S-O species formation.*!*? Bancroft and coworkers also used 
in situ Raman spectroscopy to study pyrite oxidation upon electrochemical 
oxidation.» Their data show strong evidence for polysulfide and elemental 
sulfur formation. Sulfate was observed in solution in all of these experiments, 
but no evidence of sulfoxy species were observed on the mineral surfaces.?!*2 
These studies show that metal sulfide S is the primary electron donor and that 
metal sulfide oxidation occurs via formation of polysulfide intermediates on 
the mineral surface. 

Moses et al. studied pyrite oxidation by ferric iron and oxygen by measuring 
aqueous intermediates and products of sulfide oxidation.!° Since thiosulfate 
(S,O,2-) was a significant aqueous intermediate, it was suggested that the Fe-S 
bond must break before the S-S bond. Luther’s molecular orbital analysis 
indicates that if Fe?+,, loses a hydroxyl group, it can bind to the sulfur in FeS, 
and strengthen the S-S bond by forming a Fe-S-S-Fe bridge.*? Molecular oxy- 
gen, on the other hand, cannot form a strong bond to FeS, because O, bonding 
to FeS, strengthens the S-S bond while weakening the O-O bond. Ferric iron is 
expected to be a more likely oxidant than O,. 

With these considerations, Moses et al.!° expanded the Singer and Stumm” 
pyrite oxidation model to include the transfer of the hydroxyl radical to pyrite 
S upon adsorption of Fe?*,,. A sequence of hydroxylation of sulfide groups is 
proposed to occur until the Fe-S bond is weakened and thiosulfate is released 
to solution. Since CTET is similar to oxygen in that it is hydrophobic and 
paramagnetic, it would seem possible that CTET could act as an indirect 
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oxidant like molecular oxygen. However, oxygen sustains pyrite oxidation by 
reoxidizing ferrous iron to ferric iron. We have shown that CTET and ferrous 
iron react much more slowly than CTET and pyrite, making this mechanism 
unlikely. CTET most likely acts as a direct oxidant of iron sulfide surfaces, 
although the mechanism of this oxidation remains to be investigated. 


SUMMARY AND CONCLUSIONS 


We have studied some of the environmental factors which affect the abiotic 
fate of chlorinated hydrocarbons under simulated groundwater conditions. 
Specifically, we have studied the capability of biotite, vermiculite, pyrite, and 
marcasite to promote the transformation of HCA and CTET. In all systems 
studied, the rate of disappearance of 1 .~M CTET and HCA was fitted to a 
first-order model with respect to substrate concentration. Addition of 4 mM 
sulfide to sheet silicate (38 g/L) systems increased the transformation rate of 
HCA and CTET by approximately an order of magnitude compared with the 
rates in solution with sulfide. The literature on oxidation of sheet silicates by 
Fe?+, H,O,, Br,, and Cu?* suggests that the interlayers are the most likely 
location for electron transfer to occur. We suspect that HCA oxidation by 
biotite and vermiculite also occurs in the interlayers. Since HS- is probably 
excluded from sorption in the interlayers, the rate increase observed upon HS- 
addition is likely due to surface complexes formed at the edges of the silicates 
or from secondary formation of iron sulfide minerals. 

Iron sulfide particles (18 g/L) significantly increased the rate of CTET 
degradation above the rate observed in sulfide or ferrous iron solutions. The 
reaction rates were measured at 50°C, but transformation rates may be appre- 
ciable relative to groundwater residence times. Using O, and Fe3+ as analogs 
for CTET, it is suggested that CTET acts as a direct oxidant of the pyrite 
surface. In light of the significance of CTET and halogenated hydrocarbons as 
environmental contaminants, further research to better understand the mecha- 
nistic details of heterogeneous transformation processes is essential. 
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CHAPTER 17 


The Effect of pH and Anions on the Solubility 
and Sorption Behavior of Acridine 


Robert A. Matzner, Douglas R. Hunter, and Roger C. Bales 


INTRODUCTION 


A better understanding of the mechanisms controlling the sorption of 
hydrophobic ionizable organic compounds (HIOCs) is needed to improve our 
ability to evaluate and model the fate of these compounds in natural waters. 
The class of HIOCs contains many compounds of environmental concern, 
including phenols, anilines, and nitrogen-heterocyclic compounds. Acridine 
and quinoline are nitrogen-heterocyclic compounds that have been found in 
groundwater contaminated with wastes from wood-treatment processes.! They 
are also present in high boiling point petroleum distillates and constitute a 
substantial fraction of shale oil, coal tar, and coal liquefaction products.** 
Both compounds are weak bases (Table 17.1) whose aqueous solubility is a 
function of pH. 

The sorption of acridine to soils and sediments increases with the organic 
carbon content of the soil.© Quinoline sorption to subsurface materials is 
dominated by ion exchange of the quinolinium ion even at pH values two units 
above the compound’s pK,.’? Weak solvophobic forces are thought to be 
responsible for adsorption of the neutral molecule, with Ca?+ competing with 
quinolinium for exchange sites. Similar results are found for acridine and 
pyridine, with acridine sorption the greatest, then quinoline, and finally, pyri- 
dine.’ The greater acridine cation sorption is attributed to increased van der 
Waals interactions and increased delocalization of acridinium’s positive 
charge. Quinolinium sorption is observed to release H* in a 1:1 ratio up toa 
limiting surface density, after which more quinolinium is adsorbed than H* is 
released. The maximum sorption of quinoline to amorphous silica occurs near 
the compound’s pK,.'° The increase in deprotonated surface-hydroxyl groups 
with increasing pH has no apparent effect on sorption. The small effect of 
electrolyte composition and ionic strength suggests that surface complexes are 
either strong and inner sphere or are dominated by interactions with neutral 
sites where competition with electrolyte cations is minimal. Hydrogen bonding 
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Table 17.1. Selected Properties of Quinoline and Acridine 

era een en ee 
Compound Structure MW mp (°C) bp (°C) solubility(mM) K,, PK, 
ee re eae ee eee a a pn ae ts eS 


quinoline CO 129.27 245 256 46.42 ~110? 4.98 


acridine OOO 179.2 107-110 346 0.320° 2500° 5.6> 


0.214° 4200° 





@From Zachara et al.® 
>From Albert.'! 
CFrom Banwart et al.® 


is the apparent sorption mechanism for the-neutral molecule, and ion exchange 
for the cation. 

The purpose of the work described here was to determine the effects of 
anion type and concentration on the aqueous solubility of acridine and quino- 
line. The effect of anion type and concentration, pH, average interstitial veloc- 
ity (u.), and solute concentration (C,) on the rate and extent of acridine sorp- 
tion were also investigated. Silica was chosen as the sorbent due to its 
well-defined surface properties and because it is a common constituent of soil 
materials. 


METHODS AND MATERIALS 


Aqueous batch experiments were used to study the aqueous solubility of 
quinoline and acridine. The sorption of acridine onto silica was then investi- 
gated in continuous-flow column experiments; the primary variables were 
anion type (phosphate, bicarbonate), solute concentration (5.58 nM, 55.8 
nM), average interstitial velocity (0.136, 0.058 cm/sec), and pH (4.0 and 7.0) 
of the system. 


Solubility Experiments 


Batch experiments with acridine were performed over a pH range of 2 to 8 
with three different buffers (phosphate, phosphate-acetate, phthalate). Quino- 
line batch experiments were performed with a phosphate-citrate buffer over a 
PH range of 4.6 to 8.2. Solutions containing the desired buffer concentration 
were prepared in glass vials with distilled-deionized water and then saturated 
by adding solid acridine or quinoline. Using a rotating rack, the solutions were 
agitated for a minimum of 24 hr, or until equilibration was reached. After 
equilibration, the pH of each vial was measured, and the vials were centrifuged 
for 15-25 min at ca. 2400 RCF (Relative Centrifugal Field) and the superna- 
tant removed. Dilutions of the supernatant were made and then analyzed using 
high-performance liquid chromatography (HPLC). 
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The octanol batch experiments were run by saturating octanol with acridine 
in a glass vial. One batch experiment was run with a saturated solution of 
phosphate in octanol. The remainder of the procedure was the same as for the 
aqueous batch experiments. 

The solubility of acridine at pH 4 and in the presence of 2 and 10 pM 
phosphate at pH 6 and 8 was measured using a pH stat. A jacketed beaker with 
a circulating temperature bath was used to maintain the temperature of the 
solution at 25°C. The solutions were agitated slowly using a magnetic stir bar, 
and an N, atmosphere maintained. For the pH 6 and 8 experiments, a buffer 
solution was placed in the reaction beaker and saturated with acridine. The 
solution for the pH 4 experiments was prepared by saturating distilled- 
deionized water with acridine and then adding the desired volume of buffer. 
Aliquots were taken from the beaker after equilibration and centrifuged. The 
supernatant was diluted and analyzed using HPLC. 

The HPLC assay for acridine consisted of injecting 0.46 cm i.d. 20 wL of the 
diluted supernatant onto a stainless-steel column (15 cm length x 0.46 cmi.d.) 
packed with a C,-bonded phase (Analytichem International). The mobile 
phase, a 95% methanol, 5% dichloromethane mixture, was pumped through 
the column at a rate of 1.2 mL/min. A Schoeffel Instruments model FS970 
spectrofluorometer was used for detection and was set at an excitation wave- 
length of 250 nm. Each dilution was injected five times, and the average was 
used for the total acridine concentration. Five acridine standards were run to 
develop the calibration curve each day. Standard solutions, and the stock 
solution from which they were made, were prepared fresh when the correlation 
of the calibration curve began to drop significantly. 

The quinoline HPLC assay consisted of injecting 20 nL of the dilution onto 
a fully encapped RSIL C,, HL column (Alltech Associates, Inc.). The mobile- 
phase, 85% acetonitrile, 5% water, was pumped at a flow rate of 1.0 mL/min. 
A Kratos Analytical Spectroflow 750 UV detector was used set at 225 nm. The 
standards and duplicate samples were injected three times. If the difference 
between the duplicates was greater than 10%, additional samples were 
analyzed. 


Column Experiments 


All column experiments were performed with porous unbonded silica (PQ 
Corporation). The average particle diameter was 125 ym, with an average pore 
diameter of 20 nm. The silica was washed in a suction filter apparatus, first 
with methanol, then pentane, then again with methanol. The silica was then 
rinsed twice with HCl (1.0 M) and once with distilled-deionized water and 
dried overnight at 105°C. The resultant porosity of the packed columns was 
between 0.83 and 0.85, with dry bulk densities of 0.34 to 0.37 g/cm’, 
respectively. 

The acridine-free solution (1 mM Na,HPO, or NaHCO,, 10 mM KCIO, or 
NaCl) was pumped through the column until a stable conductivity reading was 
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achieved. The acridine-containing solution (5.58 nM or 55.8 nM acridine, 1 
mM Na,HPO, or NaHCO,, 20 mM KCIO, or NaCl) was then pumped at a 
constant flow rate through the column until the detector response equaled that 
of the influent solution. The column was then flushed with the acridine-free 
solution until the initial baseline of the solute detector was achieved. The 
solutions and column were equilibrated at the experimental temperature 
(25°C) at least one day prior to the experiment. The solutions were prepared in 
distilled-deionized water and were degassed with N, prior to and during the 
experiments. The effluent flow rate was measured continuously during the 
experiment. The column apparatus (Figure 17.1) consisted of a packed 
stainless-steel column (0.46 cm i.d. by 5.0 cm length); glass solution reservoirs 
and appropriate valves located in a thermostatted chamber; HPLC pumps 
(Beckman 110A); and a flow-through conductivity meter (Wescan 213505), 
fluorometer (Schoeffel Instruments FS970), and pH electrode cell for the 
continuous detection of the conservative tracer and solute concentrations, and 
pH, respectively. 


RESULTS 
Solubility 


Acridine solubility was independent of buffer type and concentration at 
pH’s above the pK, (5.6) (Figure 17.2.a-c). The apparent solubility of acridine 
increased with pH until the formation of a-precipitate when the phosphate or 
phosphate-acetate buffer concentration reached 10 mM. The decrease in 
apparent acridine solubility when the buffer concentration was changed from 
10 mM to 100 mM was about one order of magnitude. The solubility of 
quinoline (Figure 17. 2d) showed no dependence on _ phosphate-citrate 
concentration. 

The acridine-octanol solubility was 0.895 M. The solubility of acridine in 
octanol saturated with phosphate was slightly lower, 0.856 M. A K,,, value was 
calculated for each pH and buffer by dividing the apparent acridine solubility 
by the octanol solubility. The values ranged from 3600 to 80, decreasing with 
pH. 


Column Experiments 


Column experiments with acridine were performed at pH 7 and 4 with 
phosphate and bicarbonate as anions. Two conservative tracers, NaCl and 
KCIO,, were used to investigate the effect of Cl and ClO; on acridine sorp- 
tion. Acridine sorption was less at pH 7 than at pH 4. The results for all 12 
column experiments are listed in Table 17.2. 

Experiments 1, 5, 9, and 11 (Figure 17.3) show the results of changing C, 
and yp, on acridine sorption at pH 7 with a Na,HPO, buffer and NaCl salt 
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Figure 17.1. Apparatus for column experiments. 


tracer. Experiments 1 and 5 were run under the same conditions, but the 
average of the sorption and desorption K,’s differed by 4 units, 28 vs 32 cm?/ 
g. The breakthrough for experiment 5 had more retardation and approached 
equilibrium slower than did that of experiment 1. The difference in the K,’s 
represents variability inherent in the experimental procedure. C,) was 
increased by an order of magnitude for experiment 9, with an average K, of 
29 cm3/g. Experiment 11 was run at about one-half the », of experiments 1, 
5, and 11 to investigate the possibility of kinetic effects on acridine sorption. 
The average K, for experiment 11 was 30 cm?/g. The average K, for all four 
experiments was 30+2 cm?/g; the changes in C, and p, had no effect on 
acridine sorption. The close agreement of the K, values and the good mass 
balances (0.98 + 0.07) indicate the reproducibility of the experimental 
procedure. 

The effects of changes in C, and p», on acridine sorption at pH 4 were 
investigated in experiments 2, 10, and 12 (Figure 17.4). Experiment 10 was run 
under the same conditions as experiment 2 except that Cy was increased by a 
factor of 10. The K,’s were 39 and 40 cm?/g, respectively. u, was reduced by 
approximately one-half for experiment 12. The K, for experiment 12 was 45 
cm3/g, compared to 40 cm?/g for experiment 2. The initial breakthrough of 
experiments 2 and 12 was identical, but as they approached equilibrium the 
curve for experiment 12 showed considerably more tailing. However, the 
desorption tailing for the two experiments was identical, suggesting that the 
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Figure 17.2. Acridine solubility as a function of pH in the presence of different concentrations 
of (a) phosphate, (b) phosphate-acetate, (c) phthalate; (d) Quinoline solubility in 
the presence of phosphate-citrate. Dashed lines are neutral compound conc., 
dotted lines are cation conc., based on Henderson-Hasselbach equation, and 
the average neutral compound conc. for these experiments; solid line is the sum 
of the two. 


Table 17.2. Experimental Conditions and Mass Balance Results for Breakthrough Curves 


3 
U, Mass ve ye eit POO he cei a 
Exp. pH Buffer (cm/sec) Balance* Sorption Desorption Average Pulse° 
1 7 Na sHPO, 0.136 1.08 27.0 29.1 28 50.3 
2 4 Na HPO, 0.131 0.90 42.2 37.8 40 84.1 
3 7 NaHCO, 0.122 0.96 41.6 39.6 41 77.9 
4 4 NaHCO, 0.121 1-0 42.8 43.1 43 93.0 
5 7 NasHPO, 0.120 0.91 33.0 30.0 32 67.5 
6 7 NaHCO, 0.120 0.93 36.9 34.4 36 Siler 
7 4 NaHCO, 0.123 1.09 50.0 53.8 52 88.1 
8 7 NaHCO, 0.125 0.86 30.4 25.9 28 50.3 
9 7 Na,HPO, 0.123 0.99 29.6 29.3 29 ~ikaey 
10 4 Na HPO, 0.122 1.01 36.9 40.5 39 56.6 
11 7 NasgHPO, 0.057 0.94 31.0 29.1 30 54.1 
12 4 Na gHPO, 0.058 0.93 46.9 43.8 45 57.0 


Note: Acridine concentration = 55.8 nM in experiments 9 and 10, 5.58 nM in all other 
experiments; KCIO, used to fix ionic strength in experiments 7 and 8, NaCl in other 
experiments. 

4Ratio of the solute mass desorbed to the solute mass sorbed. 

OK from dividing S (mass sorbed, from curves, divided by sorbent mass) by C. 

°Pore volumes of solute fed into the column. 
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Figure 17.3. Breakthrough curves for salt tracer and acridine at pH 7 and Nap HPO, buffer: 
(a) experiment 1, (b) experiment 5, (c) experiment 9, (d) experiment 11; 
conditions noted in Table 17.2. 


desorption rates at the two p,*s were the same. The average K, for experiments 
2, 10, and 12 was 41 + 3 cm?/g, and the average mass balance was 0.95 + 
0.06. There is apparently no significant effect on acridine sorption as a result 
of the changes in C), and p»,. Also, the reproducibility of experiments was 
good. 

The anion was changed for experiments 3, 6, and 8 (Figure 17.5). Experi- 
ments 3 and 6 were run under the same conditions, using NaHCO, instead of 
Na,HPO,. The average K,’s were 41 and 36 cm?/g, respectively. The break- 
through curves have similar shapes, but experiment 6 shows slightly less retar- 
dation. The average K, and mass balance for experiments 3 and 6 were 38 + 
3.5 cm?/g and 0.94 + 0.02, respectively. The reproducibility of these experi- 
ments was good. Experiment 8 was run with a KCIO, tracer instead of NaCl. 
The average K, for experiment 8 was lower, 28 cm?/g, close to the average for 
the phosphate-buffered experiments. 

Experiments 4 and 7 investigated the effect of different anions at pH 4. The 
average K, for experiment 4 (43 cm?/g) was similar to that when phosphate was 
used (41 + 3 cm?/g) (Figures 17.6a and b). However, in experiment 7, when 
both bicarbonate and KCIO, were used instead of phosphate and NaCl, the K, 
was much larger, 52 vs 41 + 3 cm?/g. 
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Figure 17.4. Breakthrough curves for salt tracer and acridine at pH 4 and NagHPO, buffer: 
(a) experiment 2, (b) experiment 10, (c) experiment 12; conditions noted in Table 
niveoe 


Comparison of the sorption and desorption limbs for each experiment indi- 
cates that the breakthrough curves are not mirror images. In experiment 1 (pH 
7), 39.4 pore volumes were required during solute desorption to reduce the 
dimensionless concentration (C/C,) from 0.5 to <0.01. By comparison, only 
23.1 pore volumes were required during solute sorption to increase C/C, from 
0.5 to >0.99. This trend of more pore volumes required for desorption than 
sorption was also observed in the other pH 7 experiments (experiments 3, 5, 6, 
8, and 11). In direct contrast to the pH 7 results, the breakthrough data for 
experiment 2 (pH 4) show that only 30.3 pore volumes were required during 
desorption to reduce C/C, from 0.5 to <0.01, compared to 48.2 pore volumes 
required during sorption to increase C/C, from 0.5 to >0.99. Experiment 12 
(pH 4) displayed similar behavior. 

Sorption and desorption partition coefficients for each of the 12 experi- 
ments agreed well (Table 17.2). The average K, value for acridine sorption in 
all 7 experiments at pH 7 was 32.8 + 5.0 cm?/g, compared to the average 
desorption K, of 31.1 + 4.5 cm3/g. At pH 4, the average sorption K, in all five 
experiments (43.8 + 5.0 cm?/g) was identical to the average desorption value 
(43.8 + 6.1 cm?/g). 
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Figure 17.5. Breakthrough curves for salt tracer and acridine at pH 7 and NaHCO, buffer: (a) 
experiment 3, (b) experiment 6, (c) experiment 8; conditions noted in Table 17.2. 


DISCUSSION 
Acridine Solubility 


The average aqueous solubility of neutral acridine was 3.06 + 0.06 x 10% 
M, based on the phosphate-acridine pH-8 results. The value for the phosphate- 
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Figure 17.6. Breakthrough curves for salt tracer and acridine at pH 4 and NaHCO, buffer: (a) 
experiment 4, (b) experiment 7; conditions noted in Table 17.2. 
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acetate-acridine pH-8 results was 2.65 + 0.10 x 10% M. Both of these values 
are within the range reported previously of 2.14 x 10+ M and 3.20 x 10% 
M.°*!! The predicted increase in total acridine solubility with decreasing pH in 
Figure 17.2 is in good agreement with the Henderson-Hasselbach equation: 


log[AH*] = pK, - pH + log[A] (17.1) 


where pK, = 5.6 and log [A] = -3.51. The sum of acridinium ([AH*]), 
acridine ([A]) and acridinium-anion complex ([AH*L-]) gives the total acri- 
dine concentration in the aqueous phase. 

In the range between pH 8 and pH 5, the observed solubilities for all three 
buffer concentrations correspond well with the calculated values. As the pH 
drops below 6.5, acridine solubility depends on both the degree of protonation 
of the compound and the extent of acridine/buffer complexation. Equation 
17.1 accounts for changes in [AH*] due solely to compound speciation and 
thus provides no limit on acridine solubility with decreasing pH. Therefore, 
the maximum solubility of acridine in this system depends, in part, on the 
solubility of acridinium-anion complexes formed in solution. The deviation 
from the calculated solubility curve observed for the 1.0 M phosphate and 
phosphate-acetate results is due to the precipitation of an acridinium-anion 
salt, resulting in the depletion of all the acridine solid and most of the acridine 
in solution. There was no apparent decrease in acridine solubility for the 
acridine-phthalate system, suggesting no precipitate. 


Quinoline Solubility 


The average aqueous solubility of neutral quinoline was 4.2 + 0.8 x 102M, 
based on the phosphate-acetate-quinoline pH-8 and pH-7 results. This is 
within the range of a previously reported value of 4.6 x 10-2 M.!° The experi- 
mental data do not follow the calculated curve determined from the 
Henderson-Hasselbach equation (pK, = 4.96). The deviations increase as the 
pH decreases. This may be a result of changes in the pK, with changes in the 
ionic strength of the solutions. A pK, of 5.55 would be needed to fit the 
experimental data to Equation 17.1. 


Effect of Anions on Sorption Equilibria 


The effect of anion type on acridine sorption can be recognized by changes 
in K, with variation in anion. Changing electrolyte (NaCl to KCIO,) and buffer 
(Na,HPO, to NaHCO,) together had no effect on K, at pH 7. The same 
changes at pH 4 resulted in a 27% increase in Ky. This greater K, at pH 4 was 
influenced by the pH of experiment 7 being 4.7 rather than 4.0. The maximum 
sorption for quinoline to amorphous silica was shown to occur at the pK,,'° so 
a larger K, for acridine at pH 4.7 vs pH 4.0 is consistent with the same trend. 
When changing Na,HPO, to NaHCO, with an NaCl electrolyte, a 27% 
increase in K, resulted at pH 7, but no change in K, at pH 4. 

Hydrogen bonding was probably the dominant acridine sorption mechanism 
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at pH 7, similar to that suggested for quinoline.'° Therefore, for the increase in 
K, at pH 7 to occur, bicarbonate must have enhanced hydrogen bonding 
relative to phosphate. Hydrogen bonding can occur at surface hydroxyl groups 
and/or to water adsorbed to the surface. Phosphate may be a stronger ligand 
for silanol sites than bicarbonate, thus reducing the number of potential 
hydrogen bonding sites. The same effect is not observed when KCIO, replaces 
NaCl because ClO; interacts with OH sites more readily than Cl- because of its 
greater polarizability and more effectively reduces the number of potential 
hydrogen bonding sites. Steric hindrance may also reduce acridine sorption 
because ClO; is larger than Cl-, more effectively blocking adjacent OH sites 
than Cl-. It is also possible there is no effect on acridine sorption from bicar- 
bonate, and the larger K, value is a result of the experimental pH being lower 
than 7.0, similar to what was observed at pH 4. However, this seems unlikely 
because the experiment was duplicated when the anomalous results were 
observed. The results were comparable for the second experiment. 

The acridinium-anion ion pair was the dominant species adsorbed at pH 4 
because >SiO~ is a stronger base than acridine. Ion exchange of acridinium 
with H+ at >SiOH sites or adsorption of acridinium at >SiO- sites would 
produce aqueous acridine and >SiOH. Changing Cl to ClO; had no effect on 
K, because both anions will form ion pairs with acridinium and associate with 
the surface. There was no effect on acridine adsorption at pH 4 from changing 
Na,HPO, to NaHCO, because their concentration is 20 times less than Cl and 
ClO. Therefore, ion pairs formed with either buffer would be insignificant 
compared to those formed with the electrolyte anions. Anion effects on > 
SiOH sites at pH 7 were not important at pH 4 because ion pairs may interact 
with one another at the surface, whereas molecular acridine adsorbs to individ- 
ual >SiOH sites. 


Advection-Dispersion Model Fits to Breakthrough Curves 


The conservative tracer and solute data for each breakthrough curve were 
modeled using the one-dimensional advection-dispersion equation. For the 
case of pseudo-first-order, kinetically limited sorption and desorption, the 
equations are:!? 


aC 0S aC aC 
Oa + Po 3, = OD Ga 7 be aan (17.2) 
Pp e = ky dC - Ppk,S (17.3) 


where C is the aqueous-phase solute concentration (ug/cm’); S is the sorbed 
concentration (ng/g); 6 is the volume fraction of water; p, is the dry bulk 
density (g/cm?) of the porous media; D is the longitudinal hydrodynamic 
dispersion coefficient (cm?/sec); py, is the average interstitial velocity (cm/sec); 
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and k, and k, are the pseudo-first-order forward and reverse rate coefficients 
(sec”!), respectively. Dimensionless equations can be defined: 
ac, 


aC, _ 1 FC, _aG 





ATi Samy? oes eB ard eu oz ENG) 
(R - 1) a Cre Cy (17.5) 


having four parameters, solute pulse, or duration of solute injection (included 
in boundary condition); retardation factor (R = 1 + p,K,/6); Peclet number 
(P = p,L/D); and the dimensionless rate coefficient (w = k,K,Lp,/0p,). The 
dimensionless variables are (Z = z/L, T = t u,/L, C, = C/C), and C, = 
S/K,Cy, where L is column length and C, ‘is the solute concentration in the 
column inlet. Both the conservative tracer and solute data were first fit assum- 
ing local equilibrium (w large). The solute data were also fit to the first-order 
model. A nonlinear least-squares method was used for parameter 
estimation.” 

The good equilibrium model fits (Table 17.3) to the conservative tracer data 
with R near 1.0 suggests that most of the pore space is accessible to transport. 
The sum of squared errors (ssq) was less than 2% in all cases. Allowing the 
pulse to be fit rather than fixed improved the overall model fits significantly; 
the difference between observed and fitted pulse values was less than 0.5 pore 
volumes and is most likely due to small fluctuations in flow velocity during an 
experiment. 

Because of the limited range of velocities in the experiments, five additional 
NaCl breakthrough curves were run to determine the effect of ». on D (0.059 
to 0.152 cm/sec). The best-fit equation for the results was 


~D = 0.055u,!3 r = 0.99 (17.6) 


Although the slope of the line is greater than one, it falls within the range of 
1.0 to 1.5 observed for a variety of porous particles.'* A best linear fit gives 
D/p,. = 0.036 cm. 

D’s estimated from the equilibrium model for acridine (Table 17.3) were an 
order of magnitude greater than the D values for NaCl (Figure 17.7), suggest- 
ing that intraaggregate diffusion or slow sorption and desorption contribute to 
the apparent dispersion. Diffusion time for the particle size used in this study 
(0.0125 cm) is on the order of seconds to minutes. In the absence of slow 
sorption and desorption, the fitted D’s for the salt tracer and acridine should 
differ only due to their different molecular sizes. The average K,’s (Table 17.2) 
agreed well with the equilibrium model values. The average difference for all 
12 experiments was 5.6%. The pulse value was fitted by the equilibrium model 
instead of being fixed. This resulted in an average difference of 2.3% from the 
experimental values. 
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Figure 17.7. Dispersion versus Peclet number for salt tracer and acridine. D values are noted 
in Table 17.2. Dp = 1.55 x 10-5 cm/sec for NaCl and 6.90 x 10-§ cm/sec for 
acridine; d = 125 um; v (u,) values are noted in Table 17.2. 


In order to separate slow sorption and desorption from dispersion, an inde- 
pendent estimate of acridine dispersion was made,!° which is based on an 
empirical equation!®!’ that accounts for differences in molecular size. The 
ratio of the calculated acridine dispersion coefficient to that of sodium chlo- 
ride was 1.6, suggesting that slow kinetics rather than physical dispersion 
account for the 10-fold greater dispersion of the solute breakthrough curve. 

A D value that was 1.6 times that estimated from the NaCl breakthrough 
curves was then used to fix P for a first-order model fit of the acridine 
breakthrough curves. The difference in apparent dispersion, or tailing, is then 


Table 17.4. First-Order Model Fits to Acridine Breakthrough Curves 
Exp. Pulse? R p> w K,(cm?/g)  D(cm?/sec) k,,(sec) ssq 


Sodium-Phosphate Buffer 


1 49.5 12.9 59.7 17.3 29 0.011 0.040 0.094 
2 81.9 19.9 56.4 20.9 46 0.012 0.029 0.032 
5 65.5 15.0 94.4 21.1 34 0.006 0.036 0.140 
9 56.7 13.7 90.0 20.8 31 0.007 0.040 0.131 
10 57.8 17.6 75.9 19.0 40 0.008 0.028 0.108 
11 52.9 14.7 37.4 35.8 33 0.008 0.030 0.044 
12 56.9 21.1 41.6 17.6 49 0.007 0.010 0.064. 
Sodium-Bicarbonate Buffer 
3 76.5 20.1 78.8 21.0 46 0.008 0.027 0.097 
4 93.1 20.8 72.8 23.8 48 0.008 0.029 0.038 
6 49.3 18.0 116 22.0 41 0.005 0.031 0.090 
7 90.6 21.9 67.2 18.1 51 0.009 0.021 0.086 
8 47.9 14.1. 139 23.4 32 0.004 0.045 0.051 


*Pulse value fitted by the model. 
>Peclet value fixed at 0.625 x the salt tracer value. 
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reflected in the fitted w value. Transport parameters obtained from the first- 
order model fits are listed in Table 17.4. The K, values from the first-order 
model were an average of 8.1% different than the average K, values (Table 
17.2) and were 2.5% different than those from the equilibrium model. The 
fitted pulse values were 2.3% different than the experimental values and the 
same as those from the equilibrium model. These differences are slightly larger 
than experimental variations, but are not significant. Overall, the first-order 
model provided nearly as good a fit to. the data as did the equilibrium model. 

Breakthrough curves were also modeled using a mobile-immobile region 
model,!*:!° which has one more parameter that accounts for diffusion through 
internal pores. The fit provided by the mobile-immobile region model was only 
slightly better (< 2%) than the fit to the first-order model, consistent with 
prior results.!5 

In the first-order model, w is directly proportional to the first-order rate 
coefficient k, and is a measure of how close the system is to equilibrium. w 
values greater than 100 are characteristic of equilibrium systems, whereas w 
values less than 0.1 are characteristic of sorption processes too slow to 
observe. The average k, values observed at pH 7 (0.032 + 0.006 sec"!) and pH 
4 (0.023 + 0.008 sec”') were not significantly different, indicating that sorp- 
tion reactions between acridine and the silica surface were equally fast at both 
pH values. However, the tendency of the first-order model to underestimate 
the observed desorption tailing suggests that the experiments were further 
from equilibrium than the model indicated (experiments 1, 3, 5, 6, 8, 9, 10). 

The first-order model’s underestimate of the desorption tailing of the break- 
through curves was the primary concern in the curve-fitting results. The break- 
through curve for experiment 4 was nearly symmetrical; consequently it gave a 
very good fit. The most asymmetric curves had the greatest ssq (experiments 5, 
6, and 8). Breakthrough curve symmetry was found to be directly proportional 
to the observed fluctuations in pore-water velocity measured during the course 
of the experiment. For example, the fluctuation in pore-water velocity for 
experiment 4 was approximately 3%, the lowest of any experiment. The most 
asymmetric breakthrough curves (experiments 5, 6, and 8) had the highest 
percent fluctuations in pore-water velocity, ranging from 7 to 10%. The fluc- 
tuations in pore-water velocity for the remaining experiments ranged between 
4 and 6%. 

Interpretation of similar experiments with chlorinated-benzene compounds 
invoked bonding mechanisms indicative of van der Waals interactions. The 
chlorinated-benzene experiments were carried out under the same conditions, 
but with a patchy hydrophobic coating applied to the silica to give 0.015 mass 
fraction organic carbon.'5 Time scales on the order of hours to days were 
needed to achieve sorption equilibrium, with the mass transfer coefficient 
inversely related to K, for the different compounds. Sorption and desorption 
limbs of the breakthrough curves were mirror images, indicating good revers- 
ibility, however. Acridine sorption experiments with C,, bonded silica resulted 
in extremely long times to equilibrium. 
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CONCLUSIONS 


Acridine sorption to porous silica is 71% greater at pH 4 than at pH 7. 
There appears to be a trend of increasing sorption as the pK, is approached. 
Bicarbonate enhances acridine sorption relative to phosphate at pH 7. The 
reason may be a smaller reduction in hydrogen bonding sites because HCO; is 
a weaker liquid for silanol sites than phosphate. Changes in C, and p, had no 
effect on K,. There was no anion effect at pH 4, indicating that ion pair 
adsorption is independent of anion type. 

The first-order kinetic model provided a good fit to the experimental data. 
The equilibrium model fit the data, but gave dispersion values an order of 
magnitude greater than the salt tracer. The k;'! values were in the range of 
25-100 sec, indicating that sorption/desorption rates were relatively fast. 
Anion effects on sorption may be neglected except when HCO; is the major 
anion. 

Acridine aqueous solubility was reduced by salt precipitation at low pH and 
high phosphate concentrations. Otherwise, there are no anion corrections on 
acridine and quinoline solubility. 
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CHAPTER 18 


Surfactant-Enhanced Solubility of Hydrophobic 
Organic Compounds in Water 
and in Soil-Water Systems 


David A. Edwards, Zhongbao Liu, and Richard G. Luthy 


INTRODUCTION 


This chapter discusses surfactant solubilization of hydrophobic organic 
compounds (HOCs) in systems that consist of soil and micellar nonionic sur- 
factant solution. Surfactant solubilization of HOCs in such systems involves a 
number of physicochemical processes, including partitioning of surfactant and 
HOC between soil and solution, micelle formation, and HOC partitioning 
between micelles and the aqueous pseudophase. The amount and type of 
surfactant present in a system can affect these processes significantly. 

As separate processes, soil-water partitioning and micelle-water partitioning 
of either HOCs or surfactants have been investigated for many years. The 
partitioning of organic solutes between solids and water in soil-water systems 
and aquifers has been the topic of numerous research papers over the last three 
decades, beginning with studies of sorption of organic pesticides (e.g., Lam- 
bert et al.'). Sorption of surfactants onto soil likewise has received attention, 
although most of the studies have focused on anionic surfactants.”° The pro- 
cess of amphiphilic molecules aggregating to form micelles has long been a 
topic of investigation, and studies of solubilization of hydrophobic com- 
pounds in colloidal solutions of surfactant micelles have been undertaken since 
the 1930s. Until recently, however, published research relating to the partition- 
ing behavior of HOCs in systems of soil or aquifer solids in contact with 
micellar surfactant solution has been exiguous and largely qualitative. Detailed 
physical and chemical characterization of the mechanisms of partitioning of 
hydrophobic organic solutes in such systems is necessary in order to properly 
describe and predict hydrophobic contaminant behavior in natural porous 
media in the presence of micellar surfactant solution, whether such a solution 
is present by accident or by design. 

Engineering applications of surfactant solutions for the purpose of reme- 
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diating contaminated soils or aquifers can result in HOC desorption from solid 
media and enhancement of HOC solubilities; at present, however, there are 
various technical problems with injection and separation operations that must 
be resolved before surfactant remediation can be implemented successfully on 
a general basis.*!° While inadvertent transfer of micellar surfactant solutions 
to soils or aquifers conceivably could cause desorption of toxic hydrophobic 
contaminants from the solid phase, resulting in high bulk-aqueous-phase con- 
centrations and rapid contaminant transport,!!"!3 there are, to our knowledge, 
no reports in the literature relating to the actual occurrence of incidental 
micellar surfactant plumes. On the other hand, contamination by surfactant at 
monomeric concentrations, that is, below the threshold concentration at which 
micellar aggregates of surfactant molecules form, has been described by sev- 
eral researchers.”'4 In monomeric surfactant solutions, the solubility of highly 
hydrophobic compounds, such as DDT or polycyclic aromatic hydrocarbons 
(PAH), may be enhanced relative to solubility in water.'5:'"© Monomeric surfac- 
tant solutions in the subsurface could thus result in increased desorption and 
mobility of HOCs. 

After a brief review of fundamental surfactant properties, this chapter 
addresses several aspects of nonionic surfactant solubilization of HOCs in 
both aqueous and soil-aqueous systems. The first four sections review and 
interpret experimental results dealing with the solubilization of naphthalene, 
phenanthrene, and pyrene by four alkyl or alkylphenol polyoxyethylene (POE) 
surfactants: C,,H,;O(CH,CH,O),H; C,H,,-C,;H,-O(CH,CH,O), ;H; C,H,,- 
C,.H,-O(CH,CH,0),,H; and C,H,)-C;H,O(CH,CH,0),,;H.'® The remaining 
sections discuss the development and experimental validation of a model for 
solubilization of HOCs in systems of soil and micellar nonionic surfactant 
solution.’ Although the concepts described in this chapter are relevant to the 
design of surfactant remediation of HOC-contaminated soil or sediment, 
many of the physical, chemical, and biological processes potentially impacting 
this technology are beyond the scope of this chapter. 


MONOMERIC AND MICELLAR SURFACTANT SOLUTION 
PROPERTIES 


An individual surfactant molecule, or monomer, possesses two or more 
structural moieties of varying polarity—typically one that is polar, and a sec- 
ond that is nonpolar. When sufficient numbers of surfactant molecules are 
present in solution to attain a critical micelle concentration (CMC), the surfac- 
tant molecules representing the differential increase in surfactant concentra- 
tion above the CMC spontaneously associate to form multimeric structures 
called micelles. The nonpolar portions of the surfactant molecules constituting 
a micelle are hydrophobic and are directed inward toward the center of the 
micelle, away from monomeric solution. The polar portions of the micellar 
molecules are hydrophilic and are directed outward from the micelle into 
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monomeric solution. The hydrophobic interiors of the micelles in solution 
collectively function as what may be conceptualized as a micellar pseudophase, 
being distinct in terms of its chemical properties from the aqueous 
pseudophase," and, in a system with soil, from the sorbed phase. The micelle 
interiors of this pseudophase, being hydrophobic, have the capacity to solubi- 
lize slightly-soluble HOCs,'® a process that often results in greatly-increased 
apparent aqueous solubilities of the organic compounds. Hydrocarbons (e.g., 
PAH) are generally solubilized within, the micelle core, whereas more polar 
organic compounds may be solubilized in portions of the micelle closer to its 
interface with the aqueous pseudophase.'!? The aqueous and micellar 
pseudophases in bulk solution can be treated in modeling as two compart- 
ments for the distribution of HOCs. In a system in which the bulk-liquid phase 
is a monomeric surfactant solution, the concentration of surfactant in the 
aqueous phase increases with increasing amounts of surfactant added to the 
system until surfactant solubility in the aqueous phase is attained at the CMC. 
Upon further addition of surfactant, the concentration of surfactant in the 
aqueous pseudophase remains constant at the CMC, while the excess surfac- 
tant is incorporated in the system in the form of micelles.*° The value of the 
CMC depends on surfactant structure and composition, temperature, ionic 
strength, and the amount and type of organic additives in the solution.” 


HOC PARTITIONING BETWEEN PSEUDOPHASES IN 
BULK AQUEOUS SOLUTION 


In a system consisting of micellar surfactant solution and HOC, the degree 
to which a hydrophobic organic compound is distributed between the micellar 
and aqueous pseudophases can be quantified by employing either one of two 
parameters, the molar solubilization ratio (MSR) or the mole fraction micelle- 
aqueous-pseudophase partition coefficient (K,,). 

In an aqueous system in the presence of a separate phase of HOC (e.g., solid 
phenanthrene), the MSR represents the number of moles of HOC solubilized 
within the micellar pseudophase per mole of surfactant monomers forming 
this pseudophase. Both the MSR and K,, in this type of system have constant 
values over a wide range of surfactant concentrations. Although the value of 
K,, is constant in a system in which HOC is not present as a separate phase, the 
value of the MSR in such a system decreases as the volume of the micellar 
pseudophase is increased.'° For aqueous systems in which HOC does exist as a 
separate phase, the MSR can be evaluated by calculating the slope of the 
relationship between the molar concentration of the solubilized HOC and the 
molar concentration of the micellar surfactant. 

In order to introduce nomenclature that will be useful later in the chapter, 
the molar concentration of the micellar surfactant is here defined for a micel- 
lar surfactant system at any surfactant dose as the difference between C,,,;, the 
bulk solution molar surfactant concentration, and the CMC, the surfactant 
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monomer molar solubility. Similarly, the molar concentration of the solubi- 
lized HOC is expressed as the difference between S,,;, and S,,,.. where S,,;, is the 
apparent molar solubility of HOC in dissolved and micellar form in surfactant 
solution at C,,,,, and S,,,, is the molar HOC solubility in a solution in contact 
with separate-phase HOC and with a surfactant concentration equal to the 
CMC. Since S,,;, represents the solubility of HOC in both dissolved and solubi- 
lized forms, the value of S,,;, varies as a function of surfactant dose. S,,,., on 
the other hand, is a constant, representing the maximum equilibrium concen- 
tration of dissolved HOC in a solution saturated with surfactant monomers. 

In a plot of apparent molar HOC solubility as a function of total molar 
surfactant concentration in an aqueous system in the presence of pure-phase 
HOC, the slope of the linear, post-CMC portion of the solubilization curve is 
identical to the slope of a plot of the molar concentration of the solubilized 
HOC versus the molar concentration of the micellar surfactant, thus providing 
a value for the MSR directly from experimental data, as exemplified in Figure 
18.1. The data in this figure are obtained from experiments described later in 
this chapter. . 

In contrast to the MSR, the parameter K,, represents, in a thermodynami- 
cally rigorous manner, the equilibrium partitioning of a specific HOC between 
the micelle pseudophase and the aqueous pseudophase in a solution of water 
and a given surfactant. K,, is defined for a given system as the ratio of the 
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Figure 18.1. Solubilization of pyrene by CgPEg, nonionic surfactant. The slope of the 


post-CMC solubilization relationship is equal to the molar solubilization ratio. 
Notation denotes base ten exponentiation. 
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micellar-pseudophase mole fraction of the organic compound, X,,, to X,, the 
aqueous-pseudophase mole fraction of the organic compound:?! 
X 


K, = X, (18.1) 





In experiments in which a separate phase of HOC is present in the system 
(e.g., the experiments described in the methods section), the aqueous- 
pseudophase HOC concentration has a constant value equal to the HOC solu- 
bility in monomeric surfactant solution at the CMC, and K,, can be determined 
from experimental data for such a system by either one of two methods. 

In the first method, the micellar-pseudophase mole fraction of hydrophobic 
Organic compound can be assessed using the following equation: 


Xn 5-8. + Cn CMO) (18.2) 


while the aqueous-pseudophase mole fraction of HOC in a dilute solution is 
approximately 


he = Some w (18.3) 
where V,, denotes the molar volume of water, that is, 0.01805 L/mole at 25°C, 
so that K,, is given as 


Ke 7 { (Court —~CMCit Simic 73 ScmeMSemeV w)} (18.4) 


The values of S.ics Semc> Csurre and CMC can be evaluated individually by 
experiment. 

In the second method, a value for K,, is computed by employing the follow- 
ing equation and a measured value of the MSR, obtained as the post-CMC 
slope of a plot of HOC apparent solubility versus surfactant dose in aqueous 
solution:!° 


K,, = [1/(SemV.)][MSR/(. + MSR)] (18.5) 


It is apparent from Equation 18.5 that if the aqueous pseudophase HOC 
concentration in a micellar surfactant system remains constant at S,,,, due to 
aqueous contact with pure-phase HOC, experimental findings of constancy of 
either K,, or the MSR over a given surfactant concentration range would imply 
constancy of the other parameter. By rearrangement of Equation 18.5, the 
number of moles of organic compound solubilized per unit increase in moles 
of surfactant in micelle form in solution in the presence of pure organic 
compound can be expressed in terms of K,,: 


[KV wSemel 


ek 7 [1 ~ K,,VwSemel 


(18.6) 
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The value of K,, is invariant with respect to increasing micellar surfactant 
concentration, since it represents equilibrium partitioning between two 
pseudophases, in which there is a fixed ratio of the value of X,, to the value of 
X,. In this respect, K,, is analogous to K,,, the octanol-water partition coeffi- 
cient. The value of the MSR, however, may be either constant or variable, 
depending on the conditions of the system. It has been shown for aqueous 
batch tests with PAH compounds, as illustrated in Figure 18.1, that the value 
of the MSR does not change with respect to increasing micellar nonionic 
surfactant dose when the bulk solution remains in contact with the pure-phase 
HOC, resulting in the aqueous-pseudophase HOC concentration being con- 
stant at S,,,.-!© In systems not in contact with pure-phase HOC, the addition of 
sufficient surfactant to create micelles results in an aqueous-pseudophase 
organic compound concentration, C,,, which is less than S,,,.. and which varies 
as a function of the amount of micellar surfactant in the system.'’ In this case 
Equation 18.5 is modified to 


K,, = [1/(C,,V.][MSR/(1. + MSR)] (18.7) 
and Equation 18.6 is changed to 


MSR = — [KaVwCagl (18.8) 


{1 = KY sCag) 


The value of K,, for a given surfactant-HOC combination can be determined 
in a micellar surfactant system in which separate-phase HOC is present by 
employing Equation 18.5 and the constant value of the MSR for the system as 
obtained from experimental data. With this value of K,,, Equations 18.7 and 
18.8 then permit calculation of the MSR as it varies as a function of C,, for 
systems in which HOC is not present as a separate phase. 


EXPERIMENTAL METHODS FOR AQUEOUS SYSTEMS 


Batch tests designed to assess solubilization of PAH in surfactant solution 
were conducted at 25°C for 12 surfactant-PAH systems.'* The surfactants of 
this study, used as received from suppliers, are listed in Table 18.1; the PAH 
compounds, obtained from Aldrich Chemical Company, are listed in Table 
18.2.3 4C-labeled PAH compounds were acquired from Amersham 
Corporation. 

Experiments were conducted with a duplicate series of eight to ten samples, 
with each sample representing a different aqueous surfactant concentration. 
Each 5 mL sample, consisting of a measured amount of surfactant and a given 
volume of PAH stock in deionized water, was placed in an 8-mL glass vial. The 
PAH stock was a mixture in methanol of both nonlabeled and “C-labeled 
solutions of an individual PAH compound. A Beckman LS 500 TD liquid 
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Table 18.1. Selected Commercial Surfactants 


Notation Trade Name Avg. Molecular Formula CMC (mol/L)? Avg. MW (g/mol) 
C,.E, Brij 30 C42H250(CH2CH20),H 2050107 363 
CyPE195 Tergitol NP—10 CgH,9—CgH,-O(CH2CH20),,5H 5.4 x 107° 686 
CgPEg5 Triton X-100 CgH,7—CgH,—-O(CHCH,0),5H 1.7 x 107+ 628 


4Obtained by surface tension measurement. 


scintillation counter (LSC) was employed to measure the radioactivity of the 
'4C-labeled PAH solution. The mass ratio of nonlabeled PAH compound to 
14C-labeled PAH compound had been selected previously so that each sample 
would have a decay rate sufficiently high relative to the background decay rate 
in order to insure accuracy. The total mass of PAH added to each sample was 
20 to 80 times the mass needed for a solution to attain solubility in water, so as 
to permit observation of the amount of solubilization that would occur as a 
function of bulk solution surfactant concentration. The methanol carrier sol- 
vent from the PAH stock solution resulted in approximately 1% methanol by 
volume in the sample and did not affect the solubilization relationship.'* The 
seal of each sample vial consisted of a Teflon-lined septum and an open-port 
screw cap. The samples were submerged in a water bath at 25°C and recipro- 
cated at 80 cycles/min for approximately 24 hr. Measured portions of each 
sample were removed by glass syringe and filtered through preconditioned 
Teflon membrane filters having pore diameters of 0.22 wm in order to restrict 
passage of solid-phase PAH compound. A given sample portion, with a vol- 
ume of 0.5 to 2.0 mL depending on the experiment, was mixed with 10 mL 
liquid scintillation cocktail (Scintiverse II, Fisher Scientific), and the cocktail 
was placed in the LSC for counting. Decay rates of duplicate samples were 
counted using the quench monitoring and automatic quench compensation 
technique. Background decay rate corrections were made preparatory to calcu- 
lating conversion from sample disintegrations per minute (DPM) to bulk solu- 
tion apparent solubility. 

A second series of tests involved measuring the surface tensions of aqueous 
solutions as a function of bulk solution surfactant concentration in order to 
obtain values of the CMC for individual surfactants. The surface tension of 
each solution was measured with a Fisher Tensiomat Model 21 duNuoy tensi- 
ometer. The data showed a characteristic pattern of a substantial decrease in 
surface tension per unit increase in the logarithm of surfactant concentration 


Table 18.2. Properties of the PAH Compounds of This Study 

scepter ean ei eer ae 
Name Molecular Formula Solubility (mol/L)? Log Ky? MW (g/mol) 
ene ae ee ee erred ee eS Sees ete ee 


naphthalene CioHs 25 x0 ~ 3.36 128 
phenanthrene ee aD 7.2 x 10% 4.57 178 
pyrene CigHio 6.8 x 10-7 5.18 202 


@From Mackay and Shiu.22 
bFrom Karickhoff et al.2° 
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at surfactant concentrations less than the CMC, but little or no change at 
surfactant concentrations greater than the CMC. 


RESULTS OF AQUEOUS SYSTEM SOLUBILIZATION EXPERIMENTS 


The apparent solubility of a PAH compound in a given surfactant solution 
was calculated by dividing the sample DPM value, corrected for background 
decay rate, by the sample volume, and then converting this quotient to an 
equivalent solution concentration by employing the following: the conversion 
factor of 2.22 x 10° DPM per microcurie, the mass ratio of radiolabeled to 
nonlabeled compound, and the specific activity of the radiolabeled PAH. 


Solubilization Relationships 


In Figure 18.1 the apparent solubility of pyrene is plotted as a function of 
surfactant dose for a solution of the nonionic surfactant C,PE, ;. This plot 
shows the linearity of the micellar surfactant solubilization relationship, with a 
constant slope of the solubilization relationship being observed for surfactant 
doses greater than the CMC. 

CMC values for the surfactants of this study were determined through 
independent surface tension measurements. Surface tension data for CMC 
determination of C,PE, ; in water are shown in Figure 18.2. Although certain 
types of solubilizates can greatly affect CMC values, hydrocarbons, such as 
PAH, are solubilized in micelle interiors and generally exert only a slight 
influence on CMC values.!® On an expanded scale, the data in Figure 18.1 
show a break in slope for solubilization of phenanthrene by C,PE, ; surfactant 
at a surfactant dose in the vicinity of the CMC. The value of the CMC was 
determined independently by surface tension measurements of the type illus- 
trated in Figure 18.2 as 1.7 x 10* mol/L.” Similar solubilization phenomena 
are observed for the 12 surfactant-PAH systems for which experiments were 
performed, though often the break in slope is more evident, in contrast to the 
situation in Figure 18.1. The value of the CMC for the surfactants employed in 
this work actually represents a composite of CMC values of a number of 
Poisson-distributed homologues due to the heterogeneous composition of the 
commercial C,PE,; surfactant. The averaged CMC value for heterogeneous 
surfactants is obtained from surface tension graphs and is estimated in solubi- 
lization plots by taking the intersection of the projection of the linear, post- 
CMC apparent solubility curve segment with the projection of the linear pre- 
CMC segment. Examples are shown in Figures 18.1 and 18.2. 

An increase in the apparent solubility of phenanthrene as a function of 
C;PE,; pre-CMC surfactant concentrations is about 30%. The increases in 
pre-CMC apparent solubility for this and the other 11 PAH-surfactant combi- 
nations are shown in Table 18.3. The maximum value of the ratio between 
PAH solubility in monomeric surfactant solution at the CMC and PAH solu- 
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Figure 18.2. Determination of CMC by surface tension measurement for CgPEg 5 nonionic 
surfactant. 


Table 18.3. Experimental PAH Solubilities and Mole Fraction Micelle- 
Aqueous-Pseudophase Partition Coefficients 


PAH Solubility (mol/L)? 
PAH Compound Surfactant Notation MSR Log K,, No Surfactant C,.,., = CMC 
10-1 459 3x 104% 34x 10% 


naphthalene Brij 30 Cy0E, 3.17 *X 

naphthalene Igepal CA-720 CgPE;2 3.23 x 1OTAGIn) oSculO Vine S2yx a0ne 
naphthalene _— Tergitol NP-10 CgPE;95 3.68 x 10’ AS? 3x10" 4.0% 10— 
naphthalene = Triton X-100 CgPEg5 3.38 x 10717 4.64. *3°x 10° 3.2 x410-* 
phenanthrene — Brij 30 Cy2E, 52 x 10-" 5.57 9x 10° 2.0.x 10° 
phenanthrene Igepal CA-720 CgPE;, 1.04 x 10-668" IK 10" te & T0-° 
phenanthrene Tergitol NP-10 CgPE;95 1.60 x 1o;vesTe2 Ox 102 1Sih0% 
phenanthrene Triton X-100 CgPEgs5 1.11 x 10c'* 5:70am “teschlOaye 8 xa107° 
pyrene Brij 30 Che, lox te 6.50 tx 10 ix 10 
pyrene Igepal CA-720 CgPE;. 4.25 x 10% 6.01 8 x 16; alco minkio:® 
pyrene Tergitol NP-10 CgPE,o5 5.76 x 10% 641 8x 10-6 1.2 «10° 
pyrene Triton X-100  C,PE,, 3.52 x 10°? 6.03 1px. 40 on) <1 .O.x, 10° 


awith 1% by volume methanol. 
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bility in pure water was found for the compounds of this study to be about 
2H: 


Partitioning Between Micelles and the Aqueous Pseudophase 


The MSR is a measure of the ability of a given surfactant in solution to 
solubilize nonpolar organic compounds within the micellar pseudophase. The 
product of the MSR and the aggregation number of the micelle gives the 
number of molecules of organic compound solubilized per micelle. The MSR 
is related to the mole fraction micelle/aqueous-pseudophase partition coeffi- 
cient, K,,, from Equation 18.5: 


K,, = ((55.4 moles/L)/S,,,.)(MSR/(1_ + MSR)) (18.9) 


Table 18.3 displays values of S, the measured PAH solubility in water before 
the addition of surfactant; S,,,.. the PAH solubility at the surfactant CMC; 
MSR; and log K,, for each of the 12 systems of nonionic surfactant and PAH 
that were studied by Edwards et al.'° 


Log K,,/Log Solubility Correlations 


The parameter K,, characterizes the distribution of organic compound 
between the nonpolar micellar pseudophase and the polar aqueous 
pseudophase in a system containing micellar surfactant solution. K,, can be 
considered to be analogous to the octanol-water partition coefficient, K,,, 
where the micellar pseudophase represents the octanol phase, and water satu- 
rated with surfactant monomers represents the aqueous phase saturated with 
octanol. In fact, log K,, values are linearly correlated with the logarithm of the 
PAH octanol-water partition coefficient.'3° Since log K,, values in general 
have linear correlations with log water solubility values for HOC com- 
pounds,” it follows that log K,, should be linearly related to log water solubil- 
ity for the HOC compounds of this study. Figure 18.3 shows the relationship 
between log K,, and log S for five HOCs solubilized by C,PE, , at 25°C. Two 
of the HOCs are DDT and 1,2,3-trichlorobenzene. Log S values for DDT and 
1,2,3-trichlorobenzene are taken from Kile and Chiou.'5 Kile and Chiou also 
provide solubilization data that allow computation of the log K,, values for 
these two compounds in C,PE,, solution.!’ The other three organic com- 
pounds in Figure 18.3 are PAH compounds for which log S values are obtained 
from Mackay and Shiu,” and log K,, values are given in Table 18.3. It is seen 
from Figure 18.3 that log K,, for a C,PE,, solution has a negative, linear 
correlation with log S. Similar relationships exist for C,,E,, C,PE,,, and 
C,PE,o; surfactants. 


X,,-Molecular Weight Correlations 


In a micellar surfactant system in which PAH is present as a separate phase, 
the mole fraction of PAH in the micelle pseudophase can be expressed as 
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Figure 18.3. Relationship of log K,, and log PAH solubility in CgPEg 5 nonionic surfactant 
solution. 


Xn = KyVwSeme (18.10) 


Figure 18.4 shows a graph of X,, versus the molecular weight of the PAH 
molecule for naphthalene, phenanthrene, and pyrene in C,,E,, C,PE,, 
C,PE,,.;, and C,PE,;, surfactant solutions. Based on this limited amount of 
data, X,, appears to be a nearly linear, monotonically decreasing function of 
the PAH molecular weight over the range of experimental values. For this 
particular homologous series of HOC compounds, X,, seems to be less depen- 
dent on the chemistry of the nonionic surfactants than on the molecular weight 
of the PAH solubilizate. 


NONIONIC SURFACTANT SORPTION ONTO SOIL 


In systems of surfactant solution and either soil or sediment, a fraction of 
the surfactant present in the system sorbs onto the solids that are in contact 
with the surfactant solution.**!74 Little research has been done specifically 
with regard to nonionic surfactant sorption onto soil. Urano et al. studied 
sorption behavior for two nonionic surfactants sorbed onto different soils at 
aqueous-phase surfactant concentrations covering a range of about an order 
of magnitude close to, but less than, the CMC.? The data were analyzed in 
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Figure 18.4. Mole fraction of PAH in nonionic surfactant micelles as a function of PAH 
molecular weight. 


Freundlich isotherm form. It was found that the amount of nonionic surfac- 
tant sorbed onto soil at a given aqueous-phase surfactant concentration was 
proportional to the fractional organic carbon content of the soil. When nor- 
malized for organic carbon content, the sorption isotherms for three soils 
having organic carbon contents of 1.7, 2.5, and 6.0% were nearly identical. 
This is significant since it implies that in this range of percent organic carbon, 
most of the sorbed surfactant may be associated with the organic matter of the 
soil. That the amount of sorption of a particular surfactant onto soil is largely 
a function of the fraction of organic carbon present is consistent with the 
finding that the extent of sorption of a nonionic surfactant onto hydrophobic 
sorbents is generally greater than the extent of sorption onto hydrophilic 
sorbents.”6 

Liu and Luthy also report nonionic surfactant sorption onto soil, character- 
izing the sorption data for aqueous-phase surfactant concentrations less than 
the CMC with Freundlich isotherms.% The surfactant sorption isotherms for 
certain nonionic surfactants plateau at or near the aqueous-phase CMC for 
surfactant doses of up to about 10-3 moles of surfactant per liter of solution in 
the system, i.e., one to two orders of magnitude greater than the CMC. 

Although quantitative studies relating to nonionic surfactant sorption satu- 
ration are in the process of being conducted for soil, some inferences can be 
drawn from currently available information. Soil generally consists of a heter- 
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ogeneous assemblage of silica and clay minerals, which are predominantly 
negatively charged, as well as organic matter, which contains hydrophobic 
regions as well as polar hydrophilic and negatively charged sites. In experi- 
ments with systems of silica particles and surfactant solution, nonionic surfac- 
tant sorption has generally been reported as attaining a maximum plateau 
value at or near the aqueous CMC.!%627 For octylphenol and nonylphenol 
POE surfactants, sorption increases with decreasing number of oxyethylene 
(OE) units.”&?7 When silica is chemically modified with methyl groups attached 
to silica silanol sites, making the surface hydrophobic, nonionic surfactant 
exhibits maximum plateau sorption at or near the aqueous CMC on this sur- 
face as well, although to a greater extent.” The behavior of the sorption 
isotherm for nonionic surfactant sorption onto clay minerals depends on the 
clay mineralogy, but at least in some cases, maximum sorption onto clay 
minerals appears to be achieved at aqueous-phase surfactant concentrations 
approximately twice as great as the CMC.”8 However, sorption of nonionic 
surfactant onto the mineral surfaces of soil having at least 1% organic matter 
appears to be relatively minor in comparison to surfactant sorption onto the 
organic matter of the soil. Over an experimental range of aqueous-phase sur- 
factant concentrations ranging from about one-tenth the CMC to slightly less 
than the CMC, Urano et al. show that the bulk of the surfactant that sorbs 
onto such soils associates with the organic component.’ It follows that iso- 
therm behavior for nonionic surfactant sorption onto soils of moderate 
organic content is predominantly a function of the affinity of nonionic surfac- 
tant toward organic matter, rather than toward mineral surfaces. 
Nonionic surfactant may interact with soil organic matter in three ways: 


1. hydrophobic surface interaction between the hydrocarbon chains of the sur- 
factant molecules and hydrophobic regions of the humic matter 

2. hydrogen bonding between surfactant oxyethylene groups and polar groups of 
the humic matter, such as hydroxyl and phenolic groups 

3. partitioning of the nonionic surfactant into the bulk organic matter in a 
manner analogous to solute partitioning into an organic liquid such as 
octanol 


If partitioning into organic matter is the predominant mechanism of nonionic 
surfactant sorption onto soil, as has been proposed for sorption of nonpolar 
organic solutes,”? or if hydrophobic surface interactions prevail, resulting in 
monolayer surface coverage of hydrophobic regions on soil organic matter, 
then maximum equilibrium nonionic surfactant sorption onto soil organic 
matter should occur concomitantly with attainment of maximum aqueous- 
phase surfactant concentration. Aqueous-phase surfactant monomer solubil- 
ity, attained at the aqueous-phase CMC, is constant at greater surfactant doses 
since the addition of surfactant to a system beyond that required to attain 
aqueous-phase surfactant solubility results in the formation of micelles.” Since 
sorption of micelles onto surfaces directly from bulk solution has been 
reported to be insignificant,!®”* it seems likely that the maximum mass of 
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surfactant sorbed per unit weight of soil at any micellar surfactant dose would 
have a value nearly equal to that attained at the aqueous-phase CMC. This is 
in agreement with the results of Liu and Luthy for a limited set of nonionic 
surfactants.”4 The model for nonionic surfactant solubilization of HOC in soil- 
aqueous systems as proposed by Edwards et al. is based on this assumption," 
but the model can easily be modified to treat a soil-aqueous system in which 
surfactant sorption reaches a plateau value at some surfactant concentration 
greater than the CMC, or one in which surfactant sorption is any identifiable 
function of the amount of surfactant added to the system. 

Nonionic surfactant sorption to soil increases the fractional organic carbon 
content of the soil, with the effect of tending to increase the value of the HOC 
soil-water partitioning coefficient. This effect is the opposite of that produced 
by the presence of surfactant monomers in solution, the latter slightly enhanc- 
ing HOC solubility and tending to decrease the partition coefficient. 

As a result of surfactant sorption to soil, a much greater amount of surfac- 
tant must be added to a soil-water system than to an aqueous system having 
the identical water volume in order for the aqueous-phase CMC to be attained. 
Once the aqueous-phase CMC is attained, a given amount of surfactant incre- 
mentally supplied to either system will result in the same increase in micellar 
surfactant concentration. Values of parameters related to surfactant sorption 
to soil can be obtained through experiments involving solubilization or surface 
tension.*4,7° 

Calculation of the number of moles of surfactant sorbed per unit weight of a 
given soil can be performed using surface tension measurements of a number 
of systems comprising soil and surfactant solution, each having a different 
soil-water weight-to-volume ratio.” For each system with a unique soil-water 
weight-to-volume ratio, the surface tension of a soil-monomeric solution sys- 
tem is plotted against the log of the surfactant dose. Figure 18.5 shows a graph 
of surface tension plotted against the log of the surfactant dose for a system 
consisting of water, Morton grassland soil having a fractional carbon content 
of 0.0096, and C,PE, ; surfactant.” As is similarly observed in Figure 18.2 for 
the system without soil, a linear decrease in surface tension is evident up to the 
point at which there is an abrupt change in slope, this point denoting attain- 
ment of the CMC in the aqueous pseudophase. At greater surfactant doses, 
there is no significant change in surface tension inasmuch as monomeric sur- 
factant solubility in the aqueous pseudophase and a plateau value of surfac- 
tant sorption onto soil are attained. The number of moles of surfactant sorbed 
onto soil is equal to m,,,,, the total number of moles of surfactant required to 
be added to the system for the CMC to be attained in the aqueous phase, less 
the product of the aqueous CMC and v,, the volume of the aqueous solution in 
liters. 

In view of the preceding discussion, the equilibrium amount of nonionic 
surfactant sorbed onto soil may remain constant in a given system for bulk 
solution surfactant concentrations equal to or greater than the CMC. Q,,,; is 
defined as the number of moles of surfactant sorbed on soil divided by the 
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Figure 18.5. Measurement of CgPE,. nonionic surfactant surface tension in the presence of 
soil. The point at which there is an abrupt change of slope of the surface tension 
measurements signifies attainment of the aqueous-phase CMC after surfactant 
sorption onto soil has occurred. 


weight of the soil for a given micellar surfactant system. Experiments by Liu 
and Luthy have shown that Q,,,, is constant over a wide range of soil-aqueous- 
phase weight-to-volume ratios for certain nonionic surfactants. Figure 18.6 
illustrates this principle for the previously described system of C,PE, ; surfac- 
tant and Morton grassland soil. The number of moles of surfactant sorbed in 
a system of soil and micellar surfactant solution can be calculated as 


Myorh = QsurtWsoil (18.11) 
while the number of moles of surfactant in micelle form, m,,, is given by 
m 


mic = Mirot — QsurtW soil i vaCMC (18.12) 


where m,,, is the total number of moles of nonionic surfactant added to the 
system. 
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Figure 18.6. The surfactant dose associated with the abrupt change in slope of the surface 
tension relationship, as exemplified in Figure 18.5, is plotted here as a function 
of the soil-water weight-to-volume ratio. Q,.,,,, the number of moles of CgPEg 5 
nonionic surfactant sorbed onto soil per unit gram of soil, is obtained by taking 
the slope of this plot. 


HOC PARTITIONING BETWEEN SOIL AND MONOMERIC 
SURFACTANT SOLUTION 


For a system of soil and surfactant solution in which the aqueous-phase 
CMC has been attained, the value of the HOC sorption coefficient differs 
from the value of the HOC sorption coefficient for a system of soil and water. 
The modified HOC sorption coefficient should be a constant at micellar sur- 
factant concentrations for systems in which surfactant sorption saturation is 
attained at the CMC. The value of the modified HOC sorption coefficient can 
be determined directly by experiment or estimated from other data. 

In a system of soil and micellar surfactant solution, the equilibrium number 
of moles of HOC in the aqueous pseudophase, N,q, is given by 


1 oe OF (18.13) 
while the number of moles of HOC in the sorbed phase at equilibrium is 


Dyorb ad Ko emeCaqW soit r (18.14) 
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where Kg «me is a linear soil-aqueous-phase partition coefficient that character- 
izes the equilibrium distribution of the HOC between soil and monomeric 
surfactant solution at the CMC over a specified organic compound concentra- 
tion range.*° This coefficient is defined as the ratio of the number of moles of 
HOC sorbed per gram of soil to the number of moles of HOC dissolved per 
liter of monomeric surfactant solution at the CMC: 


Ran mi (Nyorb/ Weoit)/(ag/Va) (18.15) 


Kame has nominal units of liters per gram. The value of Ky... can be obtained 
experimentally for a system of soil, water, surfactant, and HOC. Alternatively, 
Kacme May be estimated as!’ 


Rice es Ka(S/Scmc)(f’oc/ foc) = K.AS/Scme) (foc) (1 8 * 16) 


where K, = alinear soil-water partition coefficient in the absence of 
surfactant in nominal units of liters per gram 
S = the solubility of the HOC in pure water in moles per 
liter 
Seme = the enhanced solubility of the HOC in surfactant solu- 
tion at the CMC, also in units of moles per liter 
f,. = the fractional natural organic carbon content of the 
soil 
f’,. = the fractional organic carbon content of the soil after 
sorption of surfactant 
K,. = the linear soil-water partition coefficient in the absence 
of surfactant, normalized for soil organic carbon con- 
tent, in nominal units of liters per gram 


Experimental or estimated values for S and K,, often are available from the 
literature. Experiments with soil alone permit determination of f,.. The value 
of f’,. can be calculated with a knowledge of f,., the molecular weight of the 
surfactant, the weight fraction of organic carbon in the surfactant, and Q,,,+. 
Seme can be evaluated through measurement of organic solute concentration in 
monomeric surfactant solution at the CMC. 


MODELING HOC PARTITIONING IN SYSTEMS OF SOIL AND 
MICELLAR SURFACTANT SOLUTION 

Edwards et al. describe a model that permits characterization of solubiliza- 
tion behavior in systems of soil, micellar surfactant solution, and HOC.” F, 


the fraction of HOC in bulk solution, is defined as 


F = (n,, fr Dinic)/ (Nag a MNnnic ay Dgorb) (18.17) 
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where n,,. is the number of moles of HOC solubilized in the micellar 
pseudophase, given by the product of the MSR and the number of moles of 
micellar surfactant in solution: 


Dinic = {[K,,V Cag] [1 a KaWeCult [Mot ry QsureWsoil ~ v,CMC] (18.18) 


Substitution of Equations 18.13, 18.14, and 18.18 into Equation 18.17 and 
division of both numerator and denominator by C,, yields an equation which 
permits modeling of the mole fraction of HOC present in the bulk solution:”” 
Va + {Ka Vol lmor = QurtWsoin — ViCMC]/[1 - KnVvCagl } 
Va 13 {(K,,Vwl [Miro P QourtWsoil i v,CMC]/[1 ' KViGxh} + WooitKa cme 
(18.19) 


F= 


where C,, is given by the following expression: 


Arne bz Ey beac (18.20) 


of 2a 


where a= {-KiVw(1 + Ka cmcWsoi/Va)} 
b= {[C,.KiVwl + KyWyon/va) + [1 + KacmcWsoi/Val + 
[KV (mio ig QsurtWsoit ia v,CMC)/V,]} 
C= {-Ciil] + Kaweoi/Val} 


and where C;,,;, represents the original aqueous-phase organic compound con- 
centration before the addition of surfactant to the soil-aqueous-phase system. 
Equation 18.20 can also be expressed in terms of the initial total mass of PAH 
in the system. 

Figure 18.7 shows the results of modeling C,PE, , surfactant solubilization 
of pyrene in a system of 0.045 L of water and 6.25 g of soil with Equations 
18.19 and 18.20 using parameter values obtained from independent experi- 
mental tests and shown in Table 18.4.!6??-2430.31 Calculated values of percent 
pyrene in bulk solution (F x 100%) are plotted as a function of surfactant dose 
and compared with the experimental data of Liu et al.3° The agreement appears 
to be reasonable and illustrates the utility of the model as a predictor of HOC 
partitioning in systems of soil and micellar surfactant solution of uniform 
concentration. 


CONCLUSION 


The apparent solubility of certain PAH compounds can be enhanced by as 
much as a factor of two in nonionic surfactant solutions having surfactant 
concentrations less than the CMC. The apparent solubility of PAH com- 
pounds in general can be enhanced to a much greater extent, however, through 
solubilization in nonionic surfactant micelles. Micellar solubilization com- 
mences at the CMC and is a linear function of micellar surfactant concentra- 
tion. PAH partitioning between micellar and aqueous pseudophases can be 
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Figure 18.7. Percent pyrene in the bulk aqueous phase as a function of CgPEg.5 nonionic 
surfactant dose. This nonlinear relationship is modeled with Equations 18.19 
and 18.20 and is shown accompanied by experimental data from Liu et alee 


characterized by a mole fraction micelle-aqueous-pseudophase partition coef- 
ficient, K,,. For a given surfactant solution, log K,, is a linearly decreasing 
function of the logarithm of the PAH solubility, S; the mole fraction of PAH 
solubilized in the micellar pseudophase is a decreasing function of PAH molec- 
ular weight. 

The dose of nonionic surfactant required to attain the aqueous-phase CMC 
in a soil-water system is significantly larger than that for clean water owing to 
sorption of surfactant onto soil. Nonionic surfactant sorption onto soil 


Table 18.4. Model Parameter Values for Figure 18.7 


Parameter Value Reference 
pyrene Cyrit S in pure water 30 
pyrene S in pure water 6.8 x 10-7 mol/L 22 
(S/Sgmc) in experimental solution 0.42 31 
pyrene log Kow 5.18 23 
SOil foc 0.0096 30 
Qsurt for soil-CgPEg 5 solution 1.431 x 10-° mol/g 24 
pyrene K,, 6iBix! 10-23, 23 
log Km for pyrene—CgPEg 5 solution 6.03 16 


C,PE 5 aqueous-phase CMC 1.7 x 107-4 mol/L 24 
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increases the fractional organic carbon content of the soil, which tends to 
increase HOC sorption. Nonionic surfactant monomers in solution, on the 
other hand, enhance HOC apparent solubility and tend to decrease HOC 
sorption. The net effect is a change in the value of the soil-water partition 
coefficient, the sign and magnitude of the change depending on the relative 
contributions of the sorption and solubility effects. An estimate for a modified 
HOC soil-water partition coefficient can be calculated, as can the aqueous- 
pseudophase HOC concentration. A mathematical model for estimating the 
fraction of HOC in bulk solution is presented that incorporates parameters 
whose values can be obtained from independent tests. The model results 
appear to fit experimental data reasonably well. 
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NOTATION AND UNITS USED IN THIS CHAPTER 
C,, = HOC concentration in the aqueous pseudophase in a micellar surfac- 
tant system (mol/L) 

Coure = bulk solution surfactant concentration (mol/L) 
CMC = critical micelle concentration of surfactant (mol/L) 
fearbon = Weight fraction of carbon in the surfactant (dimensionless) 
f,. = weight fraction of natural organic carbon in the soil (dimensionless) 
f’,. = weight fraction of organic carbon content in the soil after surfactant 
is sorbed (dimensionless) 
F = fraction of HOC mass in bulk solution by weight (dimensionless) 
K, = HOC soil-water partition coefficient (L/g) 
K,. = organic carbon normalized HOC soil-water partition coefficient (L/ 
g) 
Kame = HOC soil-aqueous-pseudophase partition coefficient for a system of 
soil and solution having an aqueous-pseudophase surfactant concen- 
tration equal to the CMC (L/g) 
K,,, = HOC octanol-water partition coefficient (dimensionless) 
K,, = HOC mole fraction micelle-aqueous-pseudophase partition coeffi- 
cient (dimensionless) 
Mic = Mass of surfactant in micelles in the system (moles) : 
M,.» = Mass of surfactant sorbed onto soil in the system at the CMC 
(moles) 


aq 
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M,,; = total mass of surfactant in the system (moles) 
MSR = molar solubilization ratio (dimensionless) 

N,, = mass of HOC in the aqueous phase of the soil-water system (moles) 
Ngorp = Mass of HOC in the sorbed phase of the soil-water system (moles) 
Qwurr = mass of surfactant sorbed per unit weight of soil (mol/g) 

S = HOC solubility in water (mol/L) 

Sanc = HOC solubility as enhanced by surfactant monomers in a solution 
having an aqueous-phase surfactant concentration equal to the CMC 
(mol/L) 

V,, = molar volume of water in the system (L/mol) 

v, = volume of the aqueous phase or pseudophase in a system (L) 

W.oi1 = Weight of soil (g) 

X, = mole fraction of HOC in the aqueous pseudophase 

X,, = mole fraction of HOC in the micellar pseudophase 
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CHAPTER 19 


Determination of Anthropogenic Organic 
Compounds Associated with Fixed or Suspended 
Solids/Sediments: An Overview 


Martha J. M. Wells and V. Dean Adams 


INTRODUCTION 


The role of aquatic sediments in the fate and transport of pollutants is the 
focus of substantial current interest. Contaminants, in particular anthropo- 
genic organic compounds (AOC), are potentially adsorbed by sediments from 
natural waters. Concentrations of AOC in sedimentary material may be 
greater than those observed in the water. 

The heterogeneous nature of sedimentary materials complicates analytical 
protocol development for anthropogenic organic compounds. Suspended 
solids/sediments in natural waters are chemically intricate systems of water 
immiscible mineral particulates, colloidal materials, and living or decaying 
organisms. They are composed of inorganics, such as kaolin, bentonite, illite, 
and silica, and naturally occurring organic materials, such as amino acids, 
peptides, monosaccharides, carbohydrates, and tannic, humic, and fulvic 
acids. These autochthonous materials originate from geological detritus as 
well as animal and vegetative biomass remains. 

Complex equilibria govern partitioning of organic pollutants in natural 
waters among the aqueous phase, dissolved organic carbon, and fixed or 
suspended sedimentary materials, and are not well understood. Most studies to 
date concentrate on the relationship between the partition coefficient of the 
organic contaminant, and the organic carbon content of the sediment. 
Research in this area has demonstrated that, in general, the accumulation 
potential of foreign organics in sediments is greater for organic solutes having 
large octanol-water partition coefficients, and for sediments containing a high 
proportion of naturally occurring organic matter. The influence of this “asso- 
ciated” state on the ultimate degradation of such organic compounds, or their 
bioavailability to the food chain, is unclear. Ongoing studies of these issues call 
for the continual development of rapid, yet reliable, analytical protocols for 
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the determination of organics associated with fixed or suspended solids and 
sediments. 


OBJECTIVES AND METHODS 


A discussion of the current status and unresolved issues related to the analy- 
sis of anthropogenic organic compounds associated with fixed or suspended 
solids or sediments is provided. The research of two decades, 1969-1989, is 
summarized. Although a literature search revealed that much research on this 
subject has been published by German and Japanese scientists in those lan- 
guages, the articles reviewed are limited to those published in English. This 
overview includes only the analysis of sedimentary material; Related research 
on soils is omitted. Differences in the quantity and quality of naturally occur- 
ring aquatic and terrestrial humic materials, which can require different purifi- 
cation procedures, and differences in sample handling procedures resulting 
from the disparity in moisture content between sediments and soils, justify the 
omission of references to protocol with soils from this effort. 

Research on sample collection procedures for fixed or suspended solids and 
sediments is reviewed in Table 19.1.!~“4 [Editor’s Note: All tables are at the end 
of the chapter.] Analytical methodology for anthropogenic organic com- 
pounds is outlined in a tabular format presenting a historical perspective on 
method development (Tables 19.2-19.14). This overview includes procedures 
for the determination of petroleum-derived compounds,**-*8 polychlorinated 
biphenyls, **.8-*? dioxins and dibenzofurans, !%-!% pesticides,!*!3! miscellane- 
ous chlorinated compounds, !22-!4! phenolic compounds, '4?"!6 surfactants, !47-!5! 
phthalates,'**"'5° alkyl and aryl phosphates, !57-!59 organometallic com- 
pounds,'®!77 miscellaneous anthropogenic organic compounds,!78-!83 and 
multiclass anthropogenic organic compounds'!*+-2 associated with fixed or 
suspended solids or sediments. 

The majority of published papers on anthropogenic organics associated with 
sediments are concentrated in four chemical categories: petroleum-derived 
compounds, polychlorinated biphenyls (PCBs), pesticides, and organometallic 
compounds. Environmental problems caused by polychlorinated biphenyls 
were identified by the late 1960s. By 1969, research on the analysis of 
petroleum-derived compounds — particularly polycyclic aromatic hydrocar- 
bons (PAHs)—associated with sediments was under way, and extensive 
research on pesticides had been published. Other factors that produce the high 
publication rate for PAHs, PCBs, pesticides, and organometallics are (1) the 
usage rate and extent of commercial distribution that govern introduction into 
the environment and (2) the highly hydrophobic nature of these compounds, 
which mediates the degree of association with the sediment once introduced 
into the environment. Because sediments function not only as sinks*but also 
sources of organic substrates ,2 analysts are still concerned with the determi- 
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nation of some contaminants long after their commercial usage has been cur- 
tailed by environmental regulation. 

As in any review of this type, in spite of precautions taken to assure com- 
pleteness, some research will doubtless be inadvertently overlooked. For the 
most part, the articles included are publications that concentrated on analyti- 
cal research. Equally valid are analytical protocols presented in extensive fate 
and transport studies. However, analytical methodology imbedded in these 
types of references was difficult to locate, and/or the details of analysis were 
often sketchy or published separately. Some references to protocol contained 
within more extensive environmental studies are included, however. In a few 
instances, publications were omitted from this review because they contained 
insufficient analytical detail, did not add substantial new information to refer- 
ences already cited, or were not readily available. 

Related reviews of analytical methodology for certain categories of anthro- 
pogenic organic compounds associated with various environmental media, 
including sediments, have been published. Only a review by Zitko is dedicated 
solely to the analysis of aquatic sediments for organic compounds.” Lichten- 
thaler?% and Clark?” discussed petroleum-derived compounds, and chlori- 
nated dioxins and dibenzofurans were reviewed by Donnelly et al.” Pesticide 
analyses were reviewed by Chesters et al.,7 Hylin,2!° and Nash et al.;?!! 
organochlorine analyses, by Wells;?!2 and organometallic compounds by 
Ashby et al.? The publications of Chesters et al.2” and Ashby et al.?!? were 
presented in a tabular fashion similar to this overview. Articles reviewed in 
those papers on pesticides and organometallics, overlapping the time period 
presented here, are not included in Tables 19.6 or 19.12. State-of-the-art meth- 
ods addressing sampling; analytical methods; aquatic biological, microbiologi- 
cal, and virological methods; QA/QC; and risk assessment of sediment, 
sludge, and waste streams were presented by Lichtenberg et al.?!* This over- 
view is designed to supplement, rather than repeat, information previously 
published. 


DISCUSSION 


Analyzing for trace organic contaminants in the presence of the complex 
background of organic and inorganic components found naturally in sedi- 
ments is a complicated, tedious, and expensive task. Chau and Lee itemize a 
generalized, seven-step scheme for residue analysis that will form the outline 
of this discussion:?° 


1. sampling, sample handling, preservation, and storage 
2. sample preparation 

3. extraction 

4. cleanup 

5. determination 

6. confirmation of identity 
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7. confirmation of quantity 


No single step in this scheme is more important than another. Improper proce- 
dure at any stage leads to inappropriate results. 


Sampling, Sample Handling, Preservation, and Storage 


A sample is a part intended to show the nature of the whole. Most environ- 
mental studies are sampled in both space and time. The importance of plan- 
ning a Statistically sound sampling schedule prior to collection cannot be over- 
emphasized. Obtaining a homogeneous sample of a heterogeneous system is 
certainly a challenge, and the resulting analytical data are only as reliable as 
the sample collection procedure. 

Sampling techniques for sediments and suspended particulate matter were 
recently discussed by Norris.”!© Grab sampling as well as more sophisticated in- 
stream composite sampling are used to collect suspended solids and sediments 
(Table 19.1). Sampling bottom materials is done manually, or by using various 
types of dredges, coring devices, or cryogenic samplers. Sampling in deeper 
waters may require divers. Cryogenic samplers are especially appropriate for 
preserving stratified sample layers. Sampling for suspended particulate matter 
can involve filtration, the use of sediment traps, or continuous-flow centrifu- 
gation techniques. 

If the sample cannot be analyzed immediately, it is stored under chilled or 
frozen conditions. Depending on the desired analysis, the presence or absence 
of atmospheric oxygen may be controlled to preserve sample integrity. “EPA 
Test Methods for Evaluating Solid Waste,” commonly known as “SW-846,” 
presents sampling considerations and recommends widemouthed glass con- 
tainers with Teflon liners, maintained at 4°C.?!7 Sediment samples should be 
held no longer than 14 days prior to analysis. 


Sample Preparation 


Various techniques used to prepare sediment samples for extraction are 
reported in Tables 19.3-19.14 (Table 19.2 assigns the chemical categories pre- 
sented in Tables 19.3-19.14). Sediments were extracted either in the moist state 
after centrifuging or decanting excess water, after addition of sodium sulfate 
to complex water present in the sample, or were air-dried, oven-dried, or 
freeze-dried. In some cases, moisture is refortified to known levels prior to 
extraction. When sodium sulfate is added, the reported sediment-to-sodium 
sulfate ratios ranged from 1:1 to 1:5. The “EPA Test Methods for Evaluating 
Solid Waste” recommends the addition of sodium sulfate at one to two times 
the weight of sediment.?!’ 

One problem with air-drying is that microbial activity is still ongoing in the 
sample after collection, and biological degradation of the organic contaminant 
may continue. Some researchers overcome this difficulty by adding biocides, 
such as formaldehyde or sodium azide, to reduce microbial activity. Oven- 
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drying or freeze-drying can selectively diminish the levels of volatile organic 
chemicals in the sediment sample. The effect of moisture content on extraction 
procedures continues to be debated in the literature and may indeed be more 
pronounced in the analysis of certain chemical categories. However, a growing 
number of authors appear to have reached the conclusion, as have Dunnivant 
and Elzerman,” that “drying of samples prior to extraction is probably 
undesirable.” 

As originally designed, Tables 19.3-19.14 included a column detailing the 
method of fortification of the sedimentary sample matrix for sample spikes. 
So few of the articles provided this information that the category was eventu- 
ally dropped from the format. However, this omission does not diminish the 
importance of preparing laboratory-fortified samples representative of envi- 
ronmentally contaminated samples. Fortification procedures are the founda- 
tion on which our conclusions regarding environmental contamination are 
built. Errors at this stage of the scheme may lead to gross under-or overestima- 
tion of environmental impacts. Lee and Chau found less reliable results (i.e., a 
larger coefficient of variation) for the determination of PCBs extracted from 
naturally contaminated dry sediments as compared to spiked wet sedi- 
ment.?!8:2!9 In 1980, Bellar et al. demonstrated, in research comparing the 
Soxhlet, sonification, and steam distillation extraction of PCBs and pesticides 
from environmentally contaminated sediments and from laboratory-fortified 
sediments, that each of the three extraction procedures gave near quantitative 
recoveries for the spiked samples, while Soxhlet extraction gave significantly 
greater recoveries from environmentally contaminated sediments than sonifi- 
cation or steam distillation.!* 

The fortification procedures cited most often by those authors providing 
this information are (1) spiking into the liquid organic sediment extract or (2) 
spiking directly onto the sediment with contaminants contained in either an 
organic (water-miscible or immiscible) or aqueous solvent, followed by either 
immediate extraction or extraction after a specified aging period. All are rea- 
sonable procedures as long as the meaning of the extraction efficiency repre- 
sented by the data is clear. For example, spiking into the organic sediment 
extract is valid as long as it is understood that this recovery value reflects the 
procedural error only from that point forward in the extraction scheme. Spik- 
ing with organic solvents, even if allowed to evaporate before proceeding with 
the extraction, may not adequately distribute the contaminants in the sediment 
or reflect the natural binding processes occurring in the environment. There is 
not yet enough data in the literature to conclusively compare fortification 
procedures. However, spiking organic contaminants from aqueous solutions 
or aqueous mixtures with polar, water-miscible, organic solvents onto sedi- 
ments under conditions of controlled moisture content, followed by thorough 
mixing and aging for a specified period of time, should most closely represent 
an environmentally contaminated sample. 

Providing an answer to the question of what the specified period of time 
should be, is difficult. Ozretich and Schroeder report that storage time and/or 
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temperature had significant effects on the recovery of organic compounds 
from spiked sediment.'% Karickhoff states that “sorbed chemicals become 
increasingly difficult to extract with increased incubation time in the sorbed 
state.”22° Organics appear to form both “reversible” and “irreversible” associa- 
tions with sediments that may directly affect environmental fate and certainly 
influence analytical recovery. Research on appropriate methods of fortifica- 
tion is still needed. 


Extraction 


Chemical treatments are used to separate anthropogenic organic contami- 
nants from sediments and suspended solids. Frequently, a miscible, sometimes 
azeotropic, combination of polar and nonpolar solvents is selected for the 
extraction. Such solvent combinations overcome the difficulty of wetting the 
surface of the sediment and are an appropriate compromise for extracting 
both polar and nonpolar organic contaminants. 

The four most commonly used extraction techniques are stirring/shaking, 
sonication, Soxhlet, and steam distillation. Reported recoveries obtained with 
steam distillation are usually less than those reported for Soxhlet or sonication 
techniques, but extracts may require little or no further purification. Other, 
less commonly used, extraction or desorption techniques reported in Tables 
19.3-19.14 include static headspace or dynamic headspace (i.e., purge-and- 
trap), pyrolysis, or supercritical fluid extractions. The “EPA Test Methods for 
Evaluating Solid Waste” includes standard procedures for Soxhlet (Method 
3540), sonication (Method 3550), and -purge-and-trap (Method 5030) 
extraction.?!’ 


Cleanup: Purification/Fractionation 


Extraction of contaminants from sedimentary materials is usually followed 
by purification or fractionation of the extract using liquid-liquid and/or chro- 
matographic extraction. Depending on the method of preparation of the sedi- 
ment (e.g., extracted moist, dried, sodium sulfate added, etc.), choosing the 
next step in the analytical scheme may be dictated by the presence of water 
and/or water-miscible organic solvents. 

For partitioning the sediment extract by liquid-liquid extraction, a water- 
immiscible solvent such as hexane or methylene chloride is often selected. 
Organic components may be separated into hydrophilic and hydrophobic acid, 
base, and neutral fractions (SW-846 Method 3650).2!” 

Chromatographic extractions can likewise be used to produce purification 
and fractionation of sediment extracts. Those cited in Tables 19.3-19.14 utilize 
a variety of sorbent materials, such as silica gel, alumina, carbon, Florisil, 
synthetic polymeric resins, and bonded silicas, and various chromatographic 
techniques, including thin-layer chromatography, linear and nonlinear column 
chromatography, gel permeation chromatography, and high-performance liq- 
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uid chromatography. The “EPA Test Methods for Evaluating Solid Waste” 
details procedures for cleanup with alumina (Methods 3610, 3611), Florisil 
(Method 3620), silica gel (Method 3630), and gel permeation (Method 
3640)!” 

One particularly ubiquitous interferant in sediment extracts is sulfur. !8%22!-223 
If not removed, the presence of sulfur in the extract will interfere with the final 
determination of many compounds, particularly chlorinated organic contami- 
nants. Approaches to removing sulfur from the extract include treatment with 
copper, nickel, mercury, or tetrabutylammonium sulfite, or separation by gas 
chromatography or gel permeation chromatography. The “EPA Test Methods 
for Evaluating Solid Waste” procedure for sulfur cleanup (Method 3660) uti- 
lizes copper, mercury, or tetrabutylammonium sulfite.”!” 


Comparison of Sample Preparation Technologies 


Table 19.15 is a subset of the articles cited in Tables 19.3-19.14. It outlines 
those references in which studies were performed to compare various proce- 
dures for sediment preparation, extraction, purification, and fractionation. 
The variants compared include many of those discussed to this point. Compar- 
isons of field wet, sodium sulfate added, freeze-dried, air-dried, and oven- 
dried sediment preparation methods; stirring/shaking, Soxhlet, sonication, 
supercritical fluid, purging, and steam distillation extraction techniques; non- 
polar solvents alone and in combination with miscible polar solvents, and 
supercritical fluids as extraction solvents; and alumina, silica gel, and gel 
permeation sediment extract purification procedures are cited in Table 19.15. 
The techniques that produce the best results, as concluded by the authors, are 
given. Extraction efficiency alone was not the only criterion used by these 
authors to determine the “best technique.” When high recovery is accompanied 
by high variability, a more reproducible technique may be preferred even if 
extraction efficiency is lower. Some authors selected the “best” procedure 
based on simplicity, or time and/or solvent consumption. 

Inspection of Table 19.15 leads to the conclusion that, at the current state- 
of-the-art in sediment analysis for organic contaminants, it is not possible to 
definitively recommend any single method for sediment preparation, extrac- 
tion, purification, and fractionation. Obviously, as for many other sample 
matrices, advances in sample preparation technology for sediments have 
lagged behind improvements in analytical instrumentation. Further research is 
warranted. 


Final Determination 


Virtually every appropriate type of analytical instrumentation has been 
tested for the final determination of organics associated with sediments. The 
chronological order in which Tables 19.3-19.14 are arranged reveals the 
increased sophistication of analytical techniques applied to the analysis of 
organics associated with sedimentary material during the past 20 years. 
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Gas chromatography is indeed the analytical workhorse of environmental 
analyses; however, liquid chromatography is preferred for nonvolatile com- 
pounds and for those compounds that are labile under conditions required by 
gas chromatography. For the determination of very complicated samples, such 
as the multiclass anthropogenic organic compounds in Table 19.14, research- 
ers have employed fractionation of sediment extracts by high-performance 
liquid chromatography, using nondestructive modes of detection, followed by 
gas chromatographic analysis of the fractions.2?™ 

Some research on development of field measurement methods of extraction 
and final determination for detecting the presence of organic contaminants in 
sediments was reported.”*+276 The “8000 Series” of the “EPA Test Methods for 
Evaluating Solid Waste” provides gas chromatographic, gas chromatographic/ 
mass spectrometric, and high-performance liquid chromatographic methods 
for the determination of organic analytes.?!” 


Confirmation of Identity 


While some instrumental methods allow confirmation of quantity only, 
others provide confirmation of identity as well, depending on whether the 
detector senses specific or bulk properties of the organic compound. Truly 
confirmatory tests are those based upon some unique chemical property of a 
substance, leaving no doubt as to the structure producing the given results. 
Two categories of such tests exist: those involving chemical reaction and those 
involving spectroscopic and spectrometric analysis. Chemical modification of 
the sample, or derivatization, is one solution to achieving improved detectabil- 
ity or improved chromatographic conditions. 


Confirmation of Quantity 
Standard Reference Materials 


Standard reference materials (SRMs) for organics associated with sediments 
have been developed in this country by the National Institute of Standards and 
Technology (NIST), formerly the National Bureau of Standards, and by com- 
parable institutions in other countries. At least one commercial vendor cur- 
rently offers an SRM for organics in sediments. Several authors have pub- 
lished research on the development of standard reference materials for 
sediments.* Epstein et al. recently commented that the ideal sediment 
reference material should be certified for both inorganic and organic constitu- 
ents, noting the problem with that approach to be the equipment used to 
collect and process the sediment for organics is a source of contamination for 
metals, and vice versa.””” Wells identified the need for reference materials for 
which low levels of contaminants are established, to be used for method blanks 
or spiked addition. . 

The difficulties in developing SRMs for sediments involve many of the same 
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analytical quandaries alluded to earlier in this discussion. Four possible per- 
mutations of types of sediment reference materials exist: natural or spiked 
samples can be supplied either wet or dry.” Although the need for standard- 
ized wet sediment homogenates is recognized,”* and some researchers have 
prepared fortified wet sediment reference materials,* most sediment SRMs 
are supplied as dried powders. Certainly, dried materials are easier to handle 
and are less subject to microbial change. However, volatile compounds may be 
lost during drying procedures, and uncertainty regarding the effects of mois- 
ture content on extraction leads researchers to question whether analytical 
reference materials should be prepared and supplied in a dry or wet state. 

The method of fortification of standard reference materials, as with 
laboratory-fortified samples, is also at issue. Should these materials be derived 
from sources of environmental contamination or prepared by spiking? Envi- 
ronmentally contaminated sediments represent the “natural” situation, but 
establishing the true pollutant level is difficult and involves analysis by two or 
more methods in more than one laboratory. The levels of laboratory-fortified 
samples can be known more precisely, but the fortification method and the 
aging process are complicating factors. 


Interlaboratory Method Validation 


Several interlaboratory studies, most commonly comparing recovery of 
petroleum-derived contaminants’*!529-232 or PCBs,”7!8?19 have been con- 
ducted, although one interlaboratory study of polychlorinated dibenzofurans 
and dioxins analyses! and two studies of multiclass contaminated sedi- 
ments!%.2 were reported. Interlaboratory variability is usually reported as the 
coefficient of variation or relative standard deviation and ranged about 30% 
or less. 

Errors in the preparation of analytical standard calibration solutions were 
identified as contributing to the variability in intercomparison experiments.” 
Albaiges and Grimalt confirmed that the extraction-partition step was the 
main source of error in the interlaboratory survey they conducted.” 

From interlaboratory validation studies involving PCBs, some research 
groups have concluded that most of the variability is due to the complex 
quantitation methods required for the determination of polychlorinated 
biphenyls.°>?!8?!9 The problems of quantitating PCBs are worth noting even 
though the difficulty is not confined to the analysis of sediments. Some 
researchers have solved this problem by converting all PCBs to a single com- 
pound, either by perchlorination or dechlorination.'*+233 Others have quanti- 
fied these compounds by comparison with commercial formulations (e.g., 
Aroclors),?34 by grouping isomers according to level of chlorination,?>>-*8 by 
grouping congeners exhibiting similar response factors,23739 or as individual 
constituents.?“° 
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CONCLUSIONS 


Our knowledge of the distribution of organics in the aquatic environment 
grows in direct correlation to the development of improved analytical methods 
for the determination of contaminants associated with suspended solids and 
sediments. A historical perspective of analytical method development in tabu- 
larized format is presented to provide easy access to published protocol for a 
wide variety of anthropogenic organic contaminants. The major unresolved 
issues in analytical method development for organics associated with sedimen- 
tary materials appear to include sampling equipment and overall sampling 
strategies, determination of the appropriate moisture content comprising 
samples and standard reference materials at the time of extraction, and fortifi- 
cation procedures for preparation of representative sample spikes and stan- 
dard reference materials. Continuing research in these areas is needed. 
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Table 19.2. Tabular Assignment of Anthropogenic Organic Compounds by Chemical 
Category 


Chemical Category Table # 





Petroleum-Derived Compounds 3 
Polychlorinated Biphenyls 4 
Chlorinated Dioxins and Dibenzofurans 5 
Pesticides 6 
Miscellaneous Chlorinated Compounds a 
Phenolic Compounds ~ 8 

9 


Surfactants 

Phthalates 10 
Alky! and Aryl Phosphates 11 
Organometallic Compounds 12 
Miscellaneous Anthropogenic Organic Compounds 13 


Multiclass Anthropogenic Organic Compounds 14 
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CHAPTER 20 


Determination of Polyvinyl Alcohol in Sewage 


C. Ellen Gonter, Lorraine C. Guyette, and Thomas G. Stevens 


The use of individual septic tank systems for the disposal of household 
wastewater has increased dramatically over the past 20 years. The 1980 census 
found about 21.9 million residences in the United States relying on septic 
tanks, a 31.9% increase over the 16.6 million residences noted in the 1970 
census.! This trend continued into the 1980s, as about 25% of the new homes 
constructed utilized septic tank systems prior to disposal of wastewater.” Vari- 
ous consumer products commonly discharged to residential septic tank sys- 
tems have been alleged to be the source of system upset or failure. Upset of the 
system can result in unacceptable discharge of pollutants to the subsurface soil 
absorption system, resulting in the complete failure of the system. These facts 
indicate the importance of demonstrating that products, which are intended 
for disposal and treatment in residential septic tanks, will not adversely impact 
the systems. 

In order to study the disposability characteristics of products containing 
polyvinyl alcohol (PVA) in residential septic tanks, a procedure had to be 
developed that would determine low concentrations of the PVA in wastewater 
discharged from the tanks. 

Since 1851, when Grange reported the use of starch for the determination of 
iodine,? many studies of the iodo-starch complex have been carried out. West 
and others studied the reaction of PVA-boric acid-iodine in aqueous solutions 
in which chromogens, similar to those formed with iodine and starch, were 
produced.*’ 

Depending upon the concentration of the components, PVA in the presence 
of borates and iodine produced colors ranging from red to blue. This property 
was utilized as the basis for the identification of borates and PVA. Under 
certain conditions, fully hydrolyzed (deacetylated) PVA will produce red to 
blue colors in the absence of borate. 

Commercially produced grades of PVA, used in paper coatings and personal 
products, contain various concentrations of residual partially hydrolyzed poly- 
vinyl acetate and starch, added to enhance the product’s biodegradability. Due 
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to the presence of these materials, Finley used the PVA-boric acid-iodine 
reaction to quantitate the PVA in paper coatings.* Yamatani and Ishikawa 
used the method for the determination of PVA used as a water-soluble marker 
in studies of the gastrointestinal system of rats.? 


EXPERIMENTAL 


Reagents and Apparatus 


boric acid solution, 3.8% — 40 g of reagent-grade boric acid dissolved in 1 L of 
deionized (DI) water 

e iodine solution, 0.1 N—13.8 g of resublimed iodine dissolved in 25 mL of a 
concentrated solution of potassium iodide (40 g) and diluted to 1.0 L with DI 
water 

standard polyvinyl alcohol stock solution— 1.0000 + 0.0002 g of fully hydro- 
lyzed PVA (99% from Eastman Kodak Co.)-previously washed with pure 
methanol to pH 7 and dried to constant weight, dissolved in 100 mL of DI 
water on a steam bath, and after cooling to ambient temperature, diluted to 1.0 
L with DI water. The solution is stable for 1 month stored under refrigeration. 
homogenizer—Tekmar, SDT Tissumizer 

spectrophotometer—IBM, UV/Visible, 9420/9430, equipped with a Quick 
Flow Sampler 

e cylinders—50-mL, graduated, S/T stoppers 


PROCEDURE 


The sample of acid-preserved (2 mL 5 N H,SO,/L, pH < 2) sewage was 
homogenized for 15-20 sec, 100 mL poured into a 200-mL Berzelius beaker, 
heated to 90-95°C, and evaporated to a volume of approximately 70 mL. The 
sample was cooled to ambient temperature and filtered through a MSI 47-mm 
plain white, cellulosic, 5-um membrane filter with the aid of vacuum. The 
filtrate was quantitatively transferred into a 100-mL volumetric flask, diluted 
to volume with DI water, and mixed thoroughly. Two 20-mL aliquots were 
pipetted into each of two 50-mL S/T stoppered graduated cylinders. To the 
first cylinder, 5 mL of DI water was added, and to the second, 20 mL of DI 
water was added (sample blank). Then 15 mL of 3.8% boric acid solution was 
pipetted into the first cylinder, and both cylinders inverted twice to mix. Into 
each cylinder, 3 mL of 0.1 N iodine was pipetted; the solutions were diluted to 
50.0 mL, mixed thoroughly, and allowed to stand at ambient temperature for 
25 min. The absorbance of each solution was determined at 650 nm versus a 
blank solution containing the same amounts of reagent solutions and domestic 
tap water. The difference between the absorbance readings of the solutions in 
the first and second cylinders was used to calculate the concentration of PVA 
in the sample. 
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STANDARDIZATION 


A working standard solution containing 0.1 g PVA/L was prepared from 
the stock solution by diluting 10.0 mL to 100 mL in a volumetric flask. 
Acidified tap water from the Village of Chelsea, Michigan, was used for the 
dilution. Aliquots up to 10.0 mL were pipetted into 50-mL S/T stoppered 
cylinders and diluted to 25 mL with the acidified tap water, followed by the 
addition of 15.0 mL of boric acid solution, 3.0 mL of iodine solution, and 
dilution to volume with DI water. The solutions were mixed thoroughly after 
each addition. The absorbance of each solution was determined at 650 nm 
versus the blank. The slope, intercept, and correlation coefficient were calcu- 
lated by linear regression; Beer’s law was followed (Figure 20.1) 


DISCUSSION 


The samples to be examined were effluents collected from septic tanks, 
seeded with septage from an active septic tank and dosed with wastewater 
from the main interceptor sewer to the Village of Chelsea, Michigan, waste- 
water treatment plant. The products under evaluation were added to the waste- 
water dosed to the septic tanks. The wastewater contained starchy and cellu- 
losic materials, as well as a high concentration of suspended solids. 

Starch, under the conditions of the test, was reported to exhibit absorption 
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Figure 20.1. Calibration curve, PVA standards (650 nm). 
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Figure 20.2. Absorption of boric acid—iodine systems of PVA and starch. 


Table 20.1. Analysis of Chelsea, MI, Tap Water—1987 
a SE a a 2 oe ee ee 


Barium 0.25 
Cadmium 0.0012 
Calcium 118 
Inorganic carbon 72 
Organic carbon 1.9 
Chloride 46.1 
Chromium, total <0.001 
Fluoride 1.4 
Iron, total 0.001 
Lead 0.003 
Magnesium 34 
Nitrate 0.4 
Phosphate 0.2 
Potassium 1.8 
Sodium 22 
Sulfate ‘ 105 
Alkalinity (CaCOg) 315 
Hardness (CaCOg) 433 
Total dissolved solids 525 


Se eee) ie eee 
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between 500 and 700 nm. This was confirmed by treating a solution contain- 
ing 1.0 mg starch/L with boric acid and iodine (Figure 20.2). The presence of 
titanium dioxide, clays, calcium carbonate, and rosin has been reported to 
seriously affect the recovery of PVA.® The exact nature of the interference is 
not known, but it is believed that adsorption of PVA may occur on sub- 
stances that have a very large surface area and known adsorptive properties. 

At the beginning of the study, samples were taken directly from the septic 
tanks. Various procedures were tried for the removal of the solids and colloi- 
dal material (e.g., filtration, centrifugation). It had been assumed that by 
treating duplicate aliquots in an identical manner except for the addition of 
boric acid to one aliquot, that the concentrations of PVA and starch could be 
obtained by difference; this approach appeared successful with solutions of 
test material only. Due to the differences in color produced by iodine with 
various types of starch, and due to the apparent adsorption of PVA on solids 
and the presence of other unknown components in the sewage samples, this 
approach had to be abandoned. The recovery of PVA in these instances was 
low or negative. This preliminary work indicated the necessity for eliminat- 
ing the interference caused by the presence of starch by acid hydrolysis to 
noninterfering substances, as well as the removal of interfering suspended 
material. 

Chelsea tap water contains high concentrations of calcium, magnesium, 
sulfate, and carbonate (Table 20.1). In order to reduce or eliminate the effect 
of these constituents in the wastewater, Chelsea tap water was used for the 
preparation and dilution of the standards. Samples preserved with sulfuric 
acid to pH < 2 were used because of the potential that there would be suffi- 
cient acid present to hydrolyze the starch, precipitate the calcium, and inhibit 
further bacterial action at ambient temperature. 

Absorption curves of solutions of standard with and without sulfuric acid 
were identical. Curves prepared with the Chelsea tap water show a shift of the 
maximum absorbance wavelength to a lower value (635 nm) than those 
obtained in DI water (665 nm) or those reported in the literature (670 and 690 
nm) (see Figure 20.2). All curves obtained with solutions containing from 0.5 
to 5.0 mg PVA/L in acidified tap water indicated a slight shift of the maxi- 
mum absorbance to longer wavelengths as the concentration of PVA was 
decreased. For the range of concentrations expected in the samples, 650 nm 
was selected. 

Sample temperatures between 20 and 25°C did not appear to affect the color 
development. However, below 20°C there was a tendency for the PVA-borate- 
iodine to coagulate. For very accurate work, constant temperature is recom- 
mended for color development in both samples and standards. 

Known amounts of PVA stock standard solution were added to samples 
taken from the wastewater and effluents from the test and control tanks. The 
applicability of the procedure is illustrated in Table 20.2. Recoveries from 
additional samples treated in a similar manner ranged from 90 to 102%. 

Several of the acidified samples, stored for several days at ambient tempera- 
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Table 20.2. Determination of PVA in Spiked Samples 


mg PVA/L 

Sample Source Added Recovered % Recovery 
Influent 0.0 0.0 

2.5 2.24 90 

5.0 4.66 93 
Treatment tank 0.0 2.00 

2.5 4.38 95 

5.0 6.52 90 
Control tank 0.0 0.52 

2:5 2.90 95 

5.0 5.51 100 


ture, were analyzed with and without the heating step. The results were nearly 
identical with the results obtained from analysis completed within 24 hr after 
sampling. The unpreserved samples, which had been stored under refrigera- 
tion and acidified prior to heating and analysis, yielded much lower results. 
This was an indication that adsorption and/or bacterial action did not take 
place in the presence of acid. Therefore, the samples should be acid-preserved 
as described. 

Small pieces of the test material found in the treatment tanks were dried on 
an aluminum sheet, and an infrared spectrum of the material was obtained. 
Infrared spectra were obtained on the original material and film prepared 
from the Eastman product (Figure 20.3). These spectra indicate that the origi- 
nal test PVA was not completely deacetylated and contained an appreciable 
amount:of starch, determined to be approximately 10%. The spectrum of the 
material taken from the tank indicates that the starch had either dissolved or 
was removed by bacterial action while in the septic tank. 

In order to determine the expected detection limit, a series of synthetic 
samples was prepared by adding various amounts of PVA to a composite of 
acidified samples from the control tank. The concentrations ranged from 0.04 
to 2.0 mg PVA/L. The PVA content in these samples was determined each day 
for 5 days. Using these data, plus the results from 10 daily standardizations, 
the method detection limit (MDL) calculated by the EPA method! was 0.08 
mg PVA/L at a concentration of 0.16 mg PVA/L. At the same concentration, 
the limit of detection (LOD) and the limit of quantitation (LOQ) were 0.06 and 
0.19 mg PVA/L, respectively, applying the ACS method.!! 

The overall method reporting limit (MRL), calculated by the practice under 
consideration by ASTM D-19.06—a combination of the methods proposed by 
Hubaux and Vos” and the U.S. Army Toxic and Hazardous. Materials 
Agency’? — was determined to be 0.12 mg PVA/L at the 95% confidence limit, 
and 0.15 at the 99% confidence limit (Table 20.3 and Figures 20.4 and 20.5). 
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Table 20.3. Detection of PVA 


Conc. Spike Conc. 
Standard mg PVA/L Sample mg PVA/L 
MDL-EPA 0.15 0.5 0.08 0.16 
LOD-ACS 0.15 0.5 0.06 0.16 
LOQ-ACS 0.53 0.5 0.19 0.16 
MRL 0.12 (95%) 
0.15 (99%) 
Procedure 
Variability ote 
ASTM D4210 0.15 0.5 


Note: 6 standards + blank, run each day for 10 days. 
7 spiked samples + blank, run each day for 5 days. 


SUMMARY 


For the project described, the procedure yielded satisfactory results. 
Samples analyzed over a period of 7 months contained an average of 2 mg 
PVA/L. The results were reported to the nearest 0.1 mg PVA/L. 

However, the procedure could be refined to produce more sensitive and 
accurate results. It is known that the color reaction is sensitive to the condi- 
tions used to produce the PVA, the degree of polymerization of PVA, its 
crystallinity and tacticity, as well as the concentrations of boric acid and iodine 
used.'4 In order to optimize conditions the techniques should be tried on both 
influent water and sewage before data are generated. 


FOUND CONCENTRATIONS (mg/L) 
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Figure 20.4. MRL graph, all target concentration levels. 
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Figure 20.5. MRL graph, reduced target data. 
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CHAPTER 21 


Use of “C Label to Study Fine Particulate 
Organic Matter Dynamics in Flowing Water 


J. Denis Newbold, Colbert E. Cushing, and G. Wayne Minshall 


INTRODUCTION 


Particulate organic matter (POM) in streams and rivers is an important 
energy source for microbes and invertebrates.!? POM is also important in 
controlling the dynamics of contaminants because of its affinity for hydropho- 
bic organic compounds.? Understanding the relationships between down- 
stream transport and sedimentary storage of POM is therefore critical to 
studies of ecosystem processes, as well as to characterizing the fate and effects 
of contaminants. 

Flow fluctuations clearly play an important role in suspending and trans- 
porting POM,‘ but very little is known about the magnitude of deposition and 
suspension during steady flows. Budgetary studies of stream ecosystems have 
shown that base flow transport of POM is often quite large relative to POM 
storage.*® Minshall et al. made this comparison by dividing daily transport of 
POM (g/day) by the standing stock per meter length of stream (g/m), which 
yields a theoretical velocity at which the stock of POM would migrate down- 
stream if all particles exchanged frequently between the suspended and sedi- 
mentary pools.? Among a number of streams, they calculated velocities rang- 
ing from 0.19 m/day in a very small stream to about 1000 m/day in a 
medium-size river. These figures suggest that even modest exchanges between 
suspended and sedimentary pools would have a large impact on sedimentary 
POM dynamics. Models for contaminant transport that require parameter 
values for deposition and resuspension generally determine these parameters 
indirectly through data fitting, and in some circumstances use the quiescent 
water fall velocity to describe deposition.*"! Use of fall velocity is suggested by 
theoretical approaches to sediment transport’ and _ particle deposition 
through laminar sublayers,'* but has not been verified by field studies. 

Direct measurement of deposition and resuspension rates of natural POM in 
streams or rivers has been hampered by the difficulty of distinguishing experi- 
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mentally introduced natural particles from the pool of particles already 
present in the stream. This chapter presents a method for estimating the flux of 
particles from the water column to the streambed using POM collected directly 
from the water column and labeled with '*C according to methods developed 
for marine detritus. We compare the resulting deposition velocity with 
laboratory-measured fall velocities and discuss implications regarding resus- 
pension rates. 


METHODS 
Study Site 


The study was conducted in a 1-km reach of Smiley Creek, a tributary to the 
main stem of the Salmon River in central Idaho. At the time of the field 
experiment (July 7, 1989), discharge was 0.68 m?/sec, and the mean width, 
depth, and velocity were 7.7 m, 0.33 m, and 0.26 m/sec, respectively. Water 
temperature was approximately 15°C. The stream meanders through a broad 
meadow valley through a series of pools and riffles, with stream width varying 
between 3.9 and 10.8 m (based on 20 transects). Inorganic sediment sizes range 
from sand to cobble. 


POM Collection and Labeling 


Suspended particles were collected from Smiley Creek by suspending a 100- 
pm net within a 50-um net for approximately 30 min. Particles collected in the 
50-um net (i.e., 50-to 100-um size range) were stored cold, but not frozen (to 
minimize both microbial and physical effects on particle size), and shipped to 
Pacific Northwest Laboratory for labeling. Particles were batch-soaked in 
['*C]acetic anhydride over a period of 2.5 hr, following the method described 
by Banks and Wolfinbarger,'* who found that this method acetylates the pri- 
mary amines in the detrital material, forming covalent bonds stable to environ- 
mental extremes of pH, temperature, and salt concentration. After washing 
with distilled water and centrifugation, the detritus was batch-soaked in 
['*C]dimethyl sulfate (in acetone) for 100 min, as described by Wolfinbarger 
and Crosby,'* who showed that this procedure methylates hydroxyl groups in 
cellulose. 

The concentration of POM (50-100 ym) in the water column was estimated 
by pumping 318 L of stream water through nested 50-and 100-ym nets, and 
obtaining ash-free dry mass (AFDM). Additional samples of suspended parti- 
cles were analyzed for density and fall velocity by methods of Webster et al.!” 
Mean particle size (as nominal diameter, or that of a sphere of equivalent 
volume) was determined by microscopic examination of 600 particles. POM 
on the surface of the stream bottom was estimated by suction-cleaning areas 
within a 1-m? quadrat and passing collected material through nested 50-and 
100-um nets. 
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Field Release of Labeled Particles 


The labeled POM was transported to Smiley Creek, where 1.5 g wet mass 
(approximately 0.7 g dry mass or 0.1 g AFDM) of labeled detritus was sus- 
pended in a 4-L jar containing 18.4 g rhodamine WT dye, which served as a 
hydrodynamic tracer. Sixteen transects were established at 10-to 250-m inter- 
vals over a 1000-m reach. A plank bridge was constructed at each transect to 
provide access for sampling the water: A device holding three quart (0.95-L) 
jars was used to dip samples. The center sample was taken from the thalweg 
(point of maximum velocity), with the lateral samples 1 m to each side. The 
mixture of rhodamine and labeled POM was poured into the stream at the 
head of the experimental reach, following which samples were taken from each 
transect according to a schedule established from a previous dye release. 
Within 8 hr of collection, a 20-mL subsample was removed from each jar for 
determination of rhodamine concentration by fluorescence, and each sample 
was filtered (1.2-u4m membrane filter). The filters were placed in scintillation 
vials, combining the sets of three lateral samples, and returned to the labora- 
tory, where liquid scintillation cocktail was added and the samples were 
radioassayed. 


Data Analysis 


Rhodamine concentrations from each set of three lateral samples were aver- 
aged for comparability with the POM analysis. We computed the area under 
the concentration-vs-time curve for both labeled POM and rhodamine from 
each sampling transect, and the ratio (POM:rhodamine) of these areas at each 
transect. This ratio, R(x), represents the quantity of labeled POM observed 
passing a transect x meters downstream from the injection relative to the 
quantity of rhodamine introduced to the stream, provided that rhodamine was 
not sorbed to sediments or degraded within the stream. A comparison between 
rhodamine WT and chloride transport in a 700-m reach of similar stream 
nearby showed no significant loss of rhodamine, and a maximum loss (i.e., 
95% confidence limit) of 12% (unpublished data). If it is assumed that 


1. all the POM particles behaved identically and were well mixed throughout the 
depth of the stream 

2. the stream was longitudinally uniform 

3. resuspension of deposited particles did not measurably affect the POM 
curves 


(the validity of these assumptions is addressed below), then a constant frac- 
tion, k,, of the suspended particles are deposited per longitudinal meter of 
stream, that is, 


AR(x)/ax= -k, R@® (21.1) 
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The solution to this equation is 
R(x) = Ro exp(-k,x) @Yr2) 


in which R, represents the POM:rhodamine ratio injected (at x = 0). Values of 
R(x) were fitted to the exponential function by linear regression of log[R(x)] 
versus X. : 

Under the assumptions given above, deposition can be described from the 
frame of reference of a moving parcel of water as a pseudohomogeneous first- 
order reaction. Letting dx = vwdt, in which vy is the average water velocity, 
and substituting for dx in Equation 21.1 yields 


R(t) = Ro exp(-k;t) (21.3) 


in which k, = vwk, and is the reaction rate. The deposition velocity of parti- 
cles then is analogous to a mass transfer coefficient and is given by 


Vdep = k,d oo k, Vwd (21.4) 


in which d is the water depth. 


RESULTS 


Figure 21.1 illustrates the passage of the pulse of rhodamine dye and labeled 
POM at three of the fifteen sampling transects. Based on the travel time of the 
rhodamine dye, the water velocity averaged 0.26 m/sec. At 540 m, POM 
peaked at 1.8 pCi/L, which was near the limit of detection of our assay (the 
95% confidence interval for 2 pCi/L was + 1.6 pCi/L). Therefore, data from 
only the first fourteen transects (x < 540 m) were used in estimating deposi- 
tion. The regression of log[R(x)] on x (Figure 21.2) explained 64% of the 
variance (P < 0.001) and yielded an estimate for Ry of 0.096 pCi/(ug rho- 
damine), with 95% confidence interval of 0.082-0.114. Based on Ro, and the 
known input of 18.4 g rhodamine, an estimated 1.8 »Ci of '*C were injected 
into the stream. The estimate for k, was 0.0014 m! (95% confidence interval, 
0.0007-0.0020), which yields an estimate of 1.2 x 10“ m/sec for v,.,, the mean 
deposition velocity of particles (see Table 21.1). 

The mean fall velocity from laboratory measurements of 100 particles was 
3.4.x 103 m/sec (95% confidence interval, 3.1-3.8 x 10°), or more than one 
order of magnitude greater than the field deposition velocity. The mean parti- 
cle specific gravity was 2.04, and the mean particle size was 0.74 um. From 
these values, the theoretical (Stoke’s law) fall velocity for a sphere!® is 2.8 x 103 
m/sec, which is much closer to the laboratory fall velocity than to the field 
deposition velocity. 

The mean suspended POM concentration (50-100 wm) was 0.11 g/m? (95% 
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POM (pCi/L) 
RHODAMINE WT (jig/L) 





MINUTES 


Figure 21.1. Concentrations of 14C-labeled POM (thick lines) and rhodamine (thin lines) at 
three locations downstream from the point of release: 75 m (solid lines), 246 m 
(short-dashed lines), and 442 m (long-dashed lines). 


confidence interval, 0.06-0.17) and comprised 16-22% of the dry mass of 
particles in this size range. Multiplying this by v,., yields an estimated deposi- 
tion flux of 0.05 g/m? hr. Sedimentary POM in the 50-100 um size range 
exposed to the surface averaged 0.8 g/m? (95% confidence interval, 0.4-1.2), 
equivalent to approximately 16 hr of deposition. 


DISCUSSION 


The longitudinal pattern of loss conformed to the exponential model reason- 
ably well (Figure 21.2), suggesting that the assumptions underlying this model 
were not seriously violated. Visual observations of the dye indicated the 
assumption of complete vertical mixing was achieved within the first 40 m, or 
about 2-3 min of travel time. On theoretical grounds, Denny and Shibata 
calculated that vertical turbulent transport under velocity and depth condi- 
tions similar to Smiley Creek is sufficient to mix particles throughout the water 
column within approximately 1 min.!9 The assumption of a longitudinally 
uniform stream channel is clearly violated over distances of tens of meters by 
the stream’s pool/riffle structure. However, the average particle traveled a 
distance of 710 m (i.e., 1/k,), and on this scale there were no significant 
longitudinal gradients in stream flow, width, or depth (P > 0.05). Our final 
assumption was that resuspended particles did not contribute to the POM 
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Figure 21.2. Transport of '4C-labeled POM in Smiley Creek, July 7, 1989. The fitted line is 


given by 100 exp(-0.0014x), where x is distance. 


Table 21.1. Summary of Results and Calculations 


Stream Characteristics 
Water velocity, Vw 


Depth, d 
Width, w 
Temperature 


Particle Characteristics 


Mean diameter 
Specific gravity 


Laboratory fall velocity 
Theoretical fall velocity 


Particle Deposition 


Longitudinal deposition rate, k, 
Temporal deposition rate, ky 
Deposition velocity, Vgep = ky d 

Suspended POM concentration, C 
Deposition flux, Fe, dep 
Stock of POM (50-100 um) in surficial sediments, B 
Turnover time of POM in sediments, Tg = B/Fygep 


0.26 m/sec 
0.33 m 
7.7m 
15°C 


0.75 um 

2.04 

3.4 x 10-3 m/sec 
2.8 x 107° m/sec 


0.0014 m71 

3.6 x 107+ sec7! 
1.2 x 10-4 m/sec 
0.11 g/m? 

0.05 g/m? hr 

0.8 g/m? 

16 hr 
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curves. If deposited labeled particles were resuspended within a few minutes in 
sufficient numbers to affect the magnitude of the POM curve, they would 
also— because of the brief immobilization—affect the shape of the POM 
curve, producing a lag relative to the rhodamine and an extended tail. How- 
ever, the shape and timing of the POM curves at downstream transects (e.g., 
see Figure 21.1, 440 m) did not differ noticeably from the respective rho- 
damine curves. Particles that contact the bottom but are immediately resus- 
pended would not affect the curves and would not have contributed to the 
estimated deposition. 

The theoretical and laboratory-derived fall velocities exceeded field deposi- 
tion velocities by more than one order of magnitude. Webster et al. measured 
fall velocities of 1.0 x 103 to 2.0 103 m/sec for suspended particles in the 
43-105 ym range from several North Carolina streams.'’? These values are 
30-60% of those of Smiley Creek particles, but still 8-16 times higher than the 
field deposition velocity. In theory, the deposition and fall velocities are equal 
if deposition occurs from a fully mixed free stream, through a laminar sub- 
layer onto a surface,'4* where passage through the laminar layer is governed by 
fall velocity. However, if particles reaching the stream bottom in this manner 
were immediately returned to suspension, they would not have been observed 
as “deposited” in the experiment (as discussed above). The average current 
velocity of 0.3 m/sec well exceeds that required to suspend particles in the 
50-100 pm size range from a uniform bed.” But the streambed and flow 
patterns in Smiley Creek are highly heterogeneous, with many sites, such as 
sediment interstices within riffle areas and lateral zones with slack current, 
where resuspension may be unlikely. Thus, particles contacting the stream 
bottom may fall into two distinct populations, one being immediately returned 
to suspension, the other entering the pool of sedimentary POM. If this is the 
case, a predictive model for deposition velocity might involve the product of 
fall velocity and a measure representing the proportion of streambed area on 
which particles can be deposited. Such a measure would undoubtedly be 
related to streambed roughness, which has been shown in flume studies to 
influence strongly the rate of POM deposition.* 

Resuspension of deposited POM was not observed directly. The quantity of 
tracer deposited (approximately 1 nCi/m’) was too low to detect in the sedi- 
ments, and no tracer was observed in the water column after the passage of the 
injected pulse. In general, suspension in streams must equal or exceed deposi- 
tion in order to produce any transport at all and to maintain particle concen- 
trations against downstream dilution. If it is assumed that suspension was 
equal to deposition at 0.05 g/m? hr and that these exchanges involved the pool 
of 0.8 g/m? in surface sediments, then particles in this pool would be sus- 
pended on the average once every 16 hr, and migrate downstream at about 1 
km per day. However, a portion of the deposited materials may be transported 
into deeper sediments via intragravel flow, and much of the suspension may 
derive from particles newly generated by biological activity.) More research is 
needed to distinguish among these possibilities. However, our results demon- 
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strate that, regardless of their ultimate fate, particles are deposited on the 
stream bottom at a rate sufficient to have a major influence on sedimentary 
pools of POM. 
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CHAPTER 22 


Synchronous. Fluorescence Spectra of 
Dissolved Organic Matter 


Stephen E. Cabaniss 


FLUORESCENCE OF DISSOLVED ORGANIC MATTER 


The intrinsic fluorescence of dissolved organic matter (DOM) has been 
noted for some time.'? Fluorescence measurements can provide a wealth of 
information about molecular size, shape, association, structure, and the kinet- 
ics and equilibrium of binding.* However, use of DOM fluorescence as an 
analytical tool has been complicated by the presence of many overlapping 
fluorescence peaks that combine to form broad, indistinct spectra. Interpreta- 
tion of these spectra is often difficult. Synchronous excitation can often sepa- 
rate overlapping bands in mixtures of fluorophores. This chapter discusses 
synchronous excitation spectra of DOM and use of this technique as an envi- 
ronmental tracer and as a method for probing metal binding sites. 


Features 


The fluorescence of DOM, including humic acid (HA) and fulvic acid (FA), 
has been measured as a function of wavelength*>’ and time’! by several 
research groups. Maximum fluorescence intensity is typically quoted with exci- 
tation wavelength 330-360 nm and emission wavelength 420-460 nm. Excita- 
tion spectra (emission 450-500) show a broad peak near 350 nm and sometimes 
a shoulder or separate peak at lower wavelengths. Emission spectra (excitation 
300-350) typically show a broad peak near 450 nm, often with a small shoul- 
der. Fluorescence decay curves of terrestrially derived FA samples require two 
or three decay components (fluorophores) to fit the data;’? curves from 
marine sources require only one component.'®!! Decay is rapid; most 
fluorophores exhibit fluorescence lifetimes < 2 ns. 

These results are consistent with the idea that DOM is a mixture of a number 
of different fluorophores. Evidence supporting this hypothesis includes the 
very broad excitation and emission peaks, red shifts in emission maxima as 
excitation wavelengths increase (and vice versa), and the multicomponent fluo- 
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rescence decay curves. This mixture model for the fluorescence of DOM is 
reasonable in light of the diverse origins and degradation patterns of the 
organic molecules in DOM.” 


Uses 


DOM fluorescence has been used as a surrogate measure for dissolved 
organic carbon (DOC),'*"'6 as a tracer for different water bodies,!”!8 as an 
indicator of DOM size,®? and as an indicator of metal binding.!*”’ In general, 
the excitation and emission wavelengths used have corresponded to the peak 
intensity of the excitation-emission matrix. These peak intensity measurements 
are therefore quite sensitive even with relatively simple equipment. 

DOC analysis typically uses combustion or oxidation to convert the DOM 
into CO, and water, and then quantifies the CO, generated by infrared (IR) 
absorption.”8 This analysis requires special equipment and is often times con- 
suming. It is fraught with experimental difficulties in marine systems due to 
the presence of chloride, which can poison the combustion catalyst or attack 
the silver coating on the IR detection cell. 

Fluorescence measurements, on the other hand, are highly sensitive and 
largely unaffected by a high-salt matrix. Consequently, several groups have 
investigated the use of DOM peak fluorescence intensity as a surrogate for 
DOC measurements in marine and coastal waters.!3-!69 Fluorescence intensity 
is proportional to DOC at low concentrations (< 5 mg DOC/L) of DOM, and 
the coefficient of proportionality is roughly constant in some water bodies.'**° 
The chief drawback to the method is that the coefficient cannot be assumed to 
be constant, but must be calibrated with a more conventional method. Fluo- 
rescence can provide a quantitative estimate of DOC in these systems, provid- 
ing the coefficient is checked periodically. 

Peak fluorescence intensity may also be used as a tracer for DOM from 
different sources without determining this coefficient. Willey and others 
showed that the relative contributions of two rivers to a coastal water can be 
determined by measuring salinity and fluorescence of each end member. '*)!5.!7 
DOM fluorescence intensities of the rivers must be significantly different from 
each other and from the ocean water. Hayase et al. measured DOM fluores- 
cence in the north Pacific Ocean to examine organic matter cycling as a func- 
tion of depth.*! 

Depolarization of peak intensity can be used to estimate molecular rotation 
time in solution; provided the temperature and viscosity are known, hydrody- 
namic radii of the fluorescing molecules can be calculated from this data.* 
Lapen and Seitz found a rotational relaxation time (RRT) of 2.0 ns and a 
hydrodynamic radius of 10.6 A for asoil fulvic acid at 20°C using steady-state 
depolarization.’ Lochmuller and Saavedra measured time-dependent depolar- 
ization of Contech FA and found RRTs varied from 2.2 ns at pH 2 to 4.4 ns at 
pH 8.° Both studies were complicated by the presence of several decay compo- 
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nents and by the extremely fast relaxation times, which required the use of a 
glycerol-water solvent to enhance viscosity. 

The quenching of DOM fluorescence (FQ) by bound metal ions has been 
used as the basis for quantitative metal binding measurements by Weber and 
coworkers.”*3.25.26 Paramagnetic metal ions like Cu(II) and heavy metals like 
Pb(II) cause static quenching of the peak fluorescence upon binding. FQ can 
be used in solutions of very low DOC and is the only method currently used to 
observe the free ligand in metal-FA titrations.?°32 A consequence of this unique 
ability is the relative insensitivity of FQ to low metal concentrations, which 
only slightly perturb the free ligand concentration.2%” 

DOM fluorescence measurements would be still more useful if they provided 
qualitative information about the source of DOM or about the nature of the 
metal-binding sites. Fluorescence spectra can be used to distinguish between 
fulvic and humic acids.*?34 Unfortunately, emission spectra of DOM from 
different sources are generally featureless and often similar. Researchers in 
Europe? and the United States!* found that emission maxima varied little (< 5 
nm) from an average position of 448 nm in spectra of DOM from a series of 
rivers. Emission spectra and peak fluorescence measurements are consequently 
of limited value in distinguishing different sources of DOM. Similarly, mea- 
surements of peak fluorescence intensity are poorly suited to distinguishing 
among different metal-binding sites. Although different metals quench peak 
DOM fluorescence to different extents,”””> this may be due to one of several 
effects: 


1. different degrees of binding (different equilibrium K values) 
2. different quenching efficiencies of bound metal 
3. different metal ions occupying different sites 


The first two possibilities can be tested by simultaneously measuring free metal 
concentration. The possibility that the binding sites differ can be examined 
through more detailed studies of the DOM fluorescence. 


EXPERIMENTAL 


Fulvic acids were isolated by the procedure of Thurman and Malcolm.* 
Suwannee River FA (SRFA) was isolated from the Suwannee River in the 
Okefenokee Swamp, GA, and a standard sample was obtained from the Inter- 
national Humic Substances Society. SRFA has been characterized and 
described in numerous publications.!2 White Oak River FA (WORFA) was 
isolated from a coastal river in North Carolina; its interactions with Cu(II) and 
Ni(II) have been described previously.**?” Lake Drummond FA (LDFA) was 
isolated from Lake Drummond, VA, by Yeung-Hua Seo and Russell Christ- 
man (personal communication). Stock solutions of FA contained 10 mg DOC/ 
L and were kept in dark refrigeration for less than 6 weeks before use; during 
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that time no significant change in the fluorescence spectra occurred. All chem- 
icals used were reagent grade from Aldrich Chemical. 

Fluorescence spectra were recorded using a Photon Technology Interna- 
tional Alphascan photon-counting spectrofluorometer equipped with a 150- 
watt xenon arc lamp and 0.25-m excitation and emission monochromators. 
Spectra were collected with 0.5-sec integration time and 5-nm entrance and exit 
slits for both monochromators. Emission spectra were collected with the exci- 
tation wavelength set to 350 nm. Synchronous spectra were collected with a 
constant 20-nm offset between excitation and emission wavelengths. Spectra 
were stored on the Alphascan data system for later analysis. 


SYNCHRONOUS EXCITATION SPECTRA 
General Properties 


Steady-state fluorescence can be viewed as a three-dimensional measure- 
ment, with excitation and emission wavelengths the independent variables and 
emission intensity as the dependent variable. As such, fluorescence has a 
higher potential information content for resolving mixtures than a two- 
dimensional technique such as UV-VIS absorbance. This potential is often not 
realized in excitation or emission scans because of two drawbacks: (1) broad 
excitation and emission peaks and (2) symmetry in the excitation-emission 
matrix.38 Measuring the entire excitation-emission matrix (EEM) provides high 
information content, but requires either a specialized vidicon detector or long 
acquisition times. In addition, EEMs are often acquired at relatively low reso- 
lution along one axis.’? 

Synchronous excitation spectra, acquired by scanning both monochroma- 
tors simultaneously, contain information from a diagonal cut across the 
excitation-emission matrix.*°*! These spectra are collected with a constant 
wavelength offset (monochromators scanned at same speed) or a constant 
energy offset (different speeds) between the excitation and emission wave- 
lengths. Constant wavelength offset spectra place fewer demands on the 
instrumentation, but constant energy offset spectra are more easily interpreted 
in terms of 0-0 electronic transitions.* Typical experiments use wavelength 
offsets of 3 to 25 nm.*4! 

Peaks in the synchronous spectra are generally less intense but better 
resolved than those from excitation or emission spectra.*!3 Model calculations 
suggest a decrease in peak width of 1/4/ 2 is possible.“ The spectra are also 
simplified by the elimination of weak bands. Synchronous spectra are often 
relatively simple to interpret and can be acquired quickly with good resolution 
using a standard PMT detector. Chief disadvantages are low signal due to the 
narrow slit widths employed*® and increased probability of internal:quenching 
in concentrated solutions.* 

Synchronous spectra are particularly useful for resolving mixtures of 
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fluorophores, since by cutting a diagonal across the EEM, symmetrical parts 
of the EEM are avoided. Synchronous scans have been used to resolve mix- 
tures of polyaromatic hydrocarbons,*?*?-# to “fingerprint” petroleum,***” and 
to distinguish fluorescence of different amino acids.*8 


DOM Excitation, Emission, and Synchronous Spectra 


Synchronous spectra of a mixture of fluorophores like DOM should have 
narrower, better-resolved peaks than either excitation or emission spectra. 
Spectra of White Oak River FA show that this expectation is partly realized 
(Figure 22.1). The emission spectrum (excited at 350 nm) is a single broad peak 
near 455 nm, while the excitation spectrum (emission 450 nm) shows a single 
peak at 345 nm and at < 250 nm. The synchronous spectrum, on the other 
hand, shows peaks at excitation 440 and 470 nm with shoulders at 350 nm, 395 
nm, and 520 nm. The observed bands are not fully resolved, but can be 
detected. Knowledge of band shape may permit statistical analysis to isolate 
distinct bands in the mixture that may correspond to distinct groups of 
fluorophores.“ 

Previous work with aquatic FA, soil FA and HA,*** leaf litter extracts,!*”” 
and raw river water!® confirm that synchronous spectra are more highly struc- 
tured than excitation or emission spectra for several types of DOM. Cabaniss 
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Figure 22.1. Excitation, emission, and synchronous (15-nm offset) spectra of 5 mg DOC/L 
White Oak River fulvic acid at pH 7.4 in 1 »M Hepes buffer and 0.010 M NaCl. 
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and Shuman found peaks in river water DOM spectra that ranged from 310 
nm to 470 nm using a 25-nm offset.'8 Although most samples had only two 
major peaks, several minor peaks and shoulders were readily visible. Similarly, 
Miano et al. found two or three major peaks in synchronous spectra of several 
aquatic and soil FA samples; peaks ranged from 350 nm to 520 nm.*?? In 
contrast, emission spectra of all these samples showed only one peak (and 
often a small shoulder), while the excitation spectra showed one major peak 
and one minor peak or shoulder. 

The better-resolved structure of the synchronous excitation spectra suggests 
that they can be more informative than simple excitation or emission spectra. 
Each of the applications discussed above might benefit from the acquisition of 
synchronous spectra rather than peak intensities. Two applications which have 
been examined are (1) as a tracer for the type and source of DOM and (2) as an 
indicator for different metal-binding sites on DOM. 


VARIATION IN TYPE AND SOURCE OF DOM 


Measurements of peak fluorescence intensity provide a one-dimensional 
index of the quantity of DOM. The method relies on the uniform fluorescence 
properties of the samples at the EEM peak. Measurements of fluorescence 
spectra provide a two-dimensional (vector) index of the type of DOM. Provid- 
ing the different types of DOM which might be present have distinct spectral 
signatures, this two-dimensional measurement can estimate the types of DOM 
in solution.!8 This method relies on variations in the fluorescence properties of 
the samples along the wavelength region sampled. 

Since synchronous spectra are “more resolved and informative” than excita- 
tion or emission spectra,** they are a good candidate vector for typing or 
classifying DOM samples. 


Distinguishing between HA and FA 


Fluorescence excitation spectra of soil FA and HA have been proposed as a 
diagnostic for HA and FA.* Synchronous spectra are also able to distinguish 
these two operationally defined extracts. Synchronous spectra of HA show a 
single peak near 480 nm (18-nm offset), while synchronous spectra of FA 
extracted from the same source show multiple peaks and much greater sample- 
to-sample variation.*?* 


Distinguishing DOM Sources 


In many studies of organic carbon cycling, mixing and transport, it is useful 
to know the origins of a sample of dissolved organic molecules. 3C and '5N 
isotopic analyses are useful, albeit expensive and time-consuming; tools for 
differentiating algal, macrophytic, and terrestrial DOM. Synchronous spectra 
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offer the possibility of a fast, inexpensive analysis to distinguish DOM from 
different sources. 

One source of DOM in natural systems is the mixture of organic molecules 
extracted from fallen and standing plant material by falling and percolating 
precipitation. Leaf litter extract (LLE) obtained from leaves and bark in the 
laboratory is a popular surrogate for the environmental mixture. 

Synchronous spectra of LLEs are better resolved than the emission spectra 
of the same samples.'8“9 A comparison of synchronous spectra (25-nm offset) 
from LLEs of four species of plants showed substantial differences (Figure 
22.2). All samples showed several peaks after 1 week of incubation; after 22 
weeks, the spectra were considerably simplified, although still distinct.'® Syn- 
chronous spectra are therefore a potential indicator of DOM origin. 


Distinguishing between Rivers from Different Watersheds 


Since DOM samples extracted from different plants have differing spectra, 
it is reasonable to ask if waters from different ecosystems retain some differ- 
ences in their spectra. A study of nine rivers in the piedmont and coastal plain 
of North Carolina indicates that synchronous spectra may be useful finger- 
prints for different rivers.!* 

Piedmont river spectra had a principal peak near 340 nm; coastal plain river 
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Figure 22.2. Synchronous spectra of four LLEs from maple (Acer), cattail (Typha), pine, and 
mixed grasses at pH = 8.2. Data from Cabaniss and Shuman. 
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spectra had a peak or shoulder near 340 nm also, but were generally dominated 
by a major peak near 430 nm (Figure 22.3). Although spectra of these two 
groups of rivers could be typed or classified by the major peak, spectra within 
each group were readily distinguished. A mixing experiment combined differ- 
ent amounts of samples from four of the rivers with varying amounts of 
distilled water; synchronous spectra were collected for each mixture. Linear 
regression on each mixture spectrum was able to determine the approximate 
contribution by each source river.'® 


RESPONSE TO SOLUTION CHEMISTRY 


The sensitivity of fluorescence measurements to solution conditions is a 
mixed blessing. Changes in peak location, intensity, and lifetime as a function 
of pH, metal binding, solvent type, presence of radical species, etc., permit the 
analyst to examine the molecular state and the immediate microenvironment 
of the fluorophore.‘ On the other hand, these same changes complicate quanti- 
tation; since quantum yields may change by an order of magnitude in response 
to solution conditions, sample matrices must be carefully matched for quanti- 
tative work using a standard curve. Solution effects on synchronous spectra of 
DOM are important on both counts. For quantitative trace studies, spectral 
changes due to changes in solution properties are interferences which must be 
minimized for accurate work. For investigations of DOM interactions with 
metals or radical species or studies of DOM structure, spectral changes are the 
measured indicators of association, solvation, or fluorophore location. pH, 
Fe(III), Cu(II), and Mg(II) were shown to affect synchronous spectra of river 
water samples.'® These interferences were minimized in a mixing study by using 
an EDTA buffer at pH 8.2 to control the H+ and metal ion activities. These 
effects may be examined more closely to study DOM ionic binding and 
fluorophore structure. 


pH Effects 


The effect of changing pH on peak fluorescence intensity is relatively 
straightforward for most DOM and FA samples. Peak intensity increases 
sharply as the pH increases from 2 to 5, then decreases more gradually as the 
PH increases to 11.*°? Figure 22.4a shows the effect of pH on emission spectra 
of FA from the White Oak River. Although the intensity changes by 10-15%, 
the spectral shape is hardly changed; spectra recorded at pH 2.9 and pH 10.1 
are nearly identical. Structural interpretation based on fluorescence spectra 
alone is not generally profitable. However, a few parallels may be useful. 
Salicylic acid fluorescence is strongly quenched by proton binding at low pH; 
presumably the monoanion is rigidified by hydrogen bonding between the 
carboxylate oxygens and the phenolic proton. Fluorescence of many phenols is 
quenched by deprotonation at high pH. Since both salicylate and phenolic 
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Figure 22.3. Synchronous spectra (offset = 25 nm; pH = 8.2) of (a) four coastal plain rivers 
and (b) four piedmont rivers. Data from Cabaniss and Shuman. '® 
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groups are believed to be present in DOM, the observed behavior is 
reasonable. 

Changes in WORFA synchronous spectra in this pH range are much more 
pronounced (Figure 22.4b). Intensity increases at all wavelengths as the pH 
increases from 2.9 to 3.8. However, as the pH increases from 3.8 to 10.1, the 
peak at 395 nm is slightly quenched, that at 465 nm is unchanged, and an 
intense new peak is found at pH 435 nm. A shoulder at 350 nm is enhanced at 
low pH, while one at 520 nm is enhanced at high pH. The shapes of the spectra 
at pH 2.9 and pH 10.1 are markedly different. The increased complexity of the 
synchronous spectra changes (relative to peak intensity changes) may be useful 
in determining acid components of WORFA. 

The effect of pH on synchronous spectra has also been examined for river 
water, '® HA,?3 and other samples of FA.!833.50.53 It is generally complex, with 
both quenching and enhancement observed as pH increases,'*? although one 
soil FA shows a simple quenching effect.*° 


Metal lons 


Metal ions can quench DOM fluorescence either through static (equilibrium 
binding) or collisional (dynamic interaction) quenching.* Since collisional 
quenching is a bimolecular process, quenching at low (< 1 »M) concentra- 
tions is often assumed to be static quenching. Quenching of DOM fluorescence 
by AI(III) and divalent metal ions occurs at low metal concentrations,'?”> and 
lifetime studies of Cu-FA binding confirm that static quenching predominates 
in that system. 

Many studies of metal-DOM fluorescence have focused on DOM fluores- 
cence quenching by the binding of divalent transition metal ions, especially 
paramagnetic Cu(II).”°37527 Even relatively small (uM) additions of Cu(II) 
can measurably quench the peak intensity. Quantitative methods based on 
fluorescence quenching rely on an average response at the peak of the EEM; 
the method assumes quenching is proportional to bound metal.”.3.27 

Synchronous spectra can be used to examine metal binding by these metal 
ions. Figure 22.5a shows the Cu(II) quenching spectra of White Oak River FA, 
obtained by subtracting the synchronous spectrum of FA + Cu from a spec- 
trum of FA alone at the same pH. The difference spectra, like the synchro- 
nous spectra, show distinct peaks. These peaks appear to represent multiple 
fluorophores, since the change in relative quenching for a given addition is 
different for each peak. This suggests that (1) several different metal-binding 
sites are present in the DOM, and (2) different fluorophores are preferentially 
associated with sites of different binding strength.” 

Quenching spectra for Mn(II), Co(II) and Pb(II) are similar to those for 
Cu(II) for both Suwannee and White Oak River FA. In each case, synchronous 
quenching peaks appear at 395 nm, 435 nm, and 465 nm, with the peak at 435 
nm dominant at high (> 10 uM) metal concentrations. Ni(II) quenching spec- 
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Figure 22.5. Synchronous difference spectra (offset = 20 nm) of 5 mg DOC White Oak River 
FA at pH 7.5: (a) quenching by Cu(!I)—difference is (DOM alone)—(DOM + Cu); 
(b) enhancement by Mg(Il)—difference is (DOM + Mg)—(DOM eae Data 
from Cabaniss.°° 
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tra show the same set of peaks, but the peak at 465 nm dominates all the 
Ni(II)-WORFA spectra (II).° 

Enhancement of DOM fluorescence has been observed in the presence of 
Mg(II).!7!8 Synchronous enhancement spectra obtained by subtracting the 
DOM spectrum from a DOM + Mg spectrum show that the enhancement 
occurs principally at 435 nm (Figure 22.5b). Comparing Figures 22.5a and 
22.5b suggests that Cu(II) and Mg(II) are affecting different sets of FA 
fluorophores. 

AI(II]) has the interesting propefty of acting as a fluorescence enhancer in 
some systems* and a quencher in others.!? Synchronous spectra of FA and FA- 
AI(III) solutions indicates that the effect is quite complex, dependent on both 
the pH and the wavelengths used.©° 


lodide 


Iodide ion, I-, is often used as a collisional quenching agent. The negative 
charge is preferentially attracted to fluorophores near positive charges and 
avoids fluorophores near negative charges.* Consequently, it is expected to 
preferentially quench a different set of fluorophores than the cationic metal 
ions discussed above. Milne and Zika found that I efficiently quenched DOM 
and HA fluorescence (excitation 337 nm, emission 460 nm).** Anionic iodide 
quenching was stronger than neutral quenching by acrylamide, but weaker 
than cationic quenching by methyl viologen, which also showed static quench- 
ing. Although these authors obtained results consistent with the presence of a 
single predominant fluorophore, it is reasonable to ask whether all 
fluorophores in the synchronous spectra are affected by I in the same way. 

Iodide quenches the spectra of White Oak River and Suwannee River FA 
differently. Difference spectra show that quenching of WORFA by I is very 
similar to quenching by divalent transition metals; quenching is nearly equally 
intense at the synchronous peaks 395, 435, and 465 nm. However, quenching 
of SRFA by [| is quite different from quenching by divalent transition metals; 
the peak at 395 nm is preferentially quenched, while the peak at 465 nm is 
poorly quenched. The SRFA results suggest that I- might be used as a semise- 
lective probe for DOM fluorophores in cationic environments. 


APPLICATIONS 


Synchronous spectra offer a rapid and sensitive method for resolving and 
fingerprinting DOM fluorophores. The relative simplicity of the measurement 
is partly offset by the difficulty of spectral interpretation, however. Fluores- 
cence peaks are not readily related to structure like IR and NMR spectra; 
neither are they highly quantitative without good matrix matching. 

Synchronous spectra of DOM from different sources and watersheds are 
potentially useful as tracers for these sources. If specific peaks, or fingerprints, 
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could be correlated with structural (specific groups, individual fluorophores, 
particular species of plants) or functional (metal-binding, trihalomethane for- 
mation, hydrophobic pollutant solubilization) properties, synchronous spectra 
could prove a much more unique and useful predictor than peak fluorescence 
intensity. 

DOM synchronous spectra are quite sensitive to metal binding by a variety 
of metals, including Cu(II), Co(II), Pb), Mn(II), NidD, Mg(ID, Al(IID), and 
Fe (III). By examining changes in these spectra as a function of bound metal, it 
is possible to determine whether two metals are competing directly for the 
same binding sites. These changes should be useful in constructing models of 
metal-DOM binding. 
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Fluorophores, 503, 507, 510, 515, 516 
Flux, 267 
benzo(a)pyrene, 185 
biogenic silicon, 26 
bottom sediment, 35-36 
component, 23-31, 33-35 
component-specific metal, 32 
estimated total, 123 
input, 15 
lead, 37 
metal, 32, 38-39, 40-44 
output, 15 
PAH, 118-123, 181-182 
preindustrial sediment, 38 
sediment trap, 23,.37-38 
total, 123 
trace element, 15, 32 
vertical, 15 
water-column-based, 40 
Focusing, 35, 181, 185, 222, 223 
Food-chain transmission, 323 
Fossil fuels, 172, 186, 191, 192, 197 
Fourier transform infrared (FTIR), 
314 
Fractionation, 267, 312-313 
of AOCs, 414-415, 477-479 
of carbon isotopes, 263-264 
chemical, 224-226 
dissolved organic carbon in, 
264-265 
isotopic, 250, 262-264 
size, 18-19 
Fraction organic carbon, 129 
Free liquid diffusivity, 122 
Freundlich equation, 135 
Freundlich isotherms, 135, 137-138, 
155, 384 
FTIR. See Fourier transform infrared 
Fugacity, 4, 95 
gradient of, 95 
liquid-phase; -61 
in liquid phase, 59 
of mirex, 3 
of PCBs, 3, 10, 11 
Fulvic acid, 112, 409, 503, 504, 505, 
507, 508, $13. See also Dissolved 
organic matter (DOM) 


Gas chromatography, 174, 195, 201, 
226, 313, 316 
capillary, 312-313 
high-resolution, 3, 195, 207, 226 
Gas chromatography-Fourier 
transform infrared (GC-FTIR), 
314 
Gas chromatography-mass 
spectrometry, 313-314 


Gas purging vn 


in alkylbenzene sorption studies, 63, 
64, 66 
in PCB studies, 3-11 
GC. See Gas chromatography 
Gel permeation chromatography, 414 
Geochronology, 175 
Geometry of basin, 222 
GFAA. See Graphite furnace atomic 
absorption 
Globular protein molecular weight 
cutoff, 118 
Glycolates, 100 
Gold, 361 
Grain size, 238, 293 
Graphite furnace atomic absorption 
(GFAA), 19, 20 
Graph theory, 336 
Growth rate, 94 
Guppies, 333, 337 


HA. See Humic acid 

Half-lives, 323 

Halides, 349. See also specific types 

Haloaliphatics, 352. See also specific 
types 

Halogenated alcohols, 326. See also 
specific types 

Halogenated aliphatics, 349 

Halogenated aromatics, 285. See also 
specific types 

Halogenated compounds, 349. See also 
specific types 

Halogenated phenols, 337. See also 
specific types 

Halogens, 326, 329, 338-341. See also 
specific types 

Hazardous waste disposal sites, 276 

HCA. See Hexachloroethane 

Headspace analysis. See Gas purging 
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Henry’s constant, 323, 325, 338 
Henry’s law constants (HLCs), 3, 4, 5, 
6, 8, 9, 59-61, 66 
Hentriacontane, 314 
Heptachlor, 91 
Heterocyclic compounds, 337. See also 
specific types 
Heterotrophs, 332, 333, 336, 338 
Hexachloreocyclohexane, 287 
Hexachlorobenzene, 91, 285 
Hexachlorobiphenyl, 284 
2,3,4,4’,5,6-Hexachlorobiphenyl, 92 
2,4,5,2’,4’,5’-Hexachlorobiphenyl, 181 
Hexachloroethane (HCA), 349, 350, 
352 
diffusion of, 360 
disappearance of, 356 
reductant reactions with, 357 
reduction of, 354, 359 
transformation of, 353, 357, 358 
Hexacosanol, 316, 317 
Hexa-fluoro-2-propanol, 329 
Hexane, 93, 194, 195, 295, 297, 338 
Hexane/benzene, 195 
Hexane/methylene chloride, 226 
High-performance liquid 
chromatography. See 
High-pressure liquid 
chromatography (HPLC) 
High-pressure liquid chromatography 
(HPLC), 95, 129, 367, 368, 
414-415 
High-pressure size-exclusion 
chromatography (HPSEC), 108, 
110, 111, 112, 113, 114, 115 
colloid molecular weight and, 
116-118 
High-resolution gas chromatography, 
3, 195, 207, 226 
High-volume filtration, 81 
HLCs. See Henry’s law constants 
Hopane, 204, 205 
HPLC. See High-pressure liquid 
chromatography 
HPSEC. See High-pressure 
size-exclusion chromatography 
Humic acid, 409, 503, 507, 508. See 
also Dissolved organic matter 
(DOM) 
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Humin, 163 
Hydrocarbons. See also specific types 
aliphatic. See Aliphatics 
anthropogenic, 234 
aromatic. See Aromatics 
chlorinated (CHC), 186, 332 
diffusion of, 293 
mobility of, 298 
petroleum. See Petroleum 
hydrocarbons 
polycyclic aromatic. See Polycyclic 
aromatic hydrocarbons (PAHs) 
saturated, 193, 194 
solubility of, 385 
sources of, 197 
straight-chained, 297 
total, 193, 194, 204, 205, 207 
waxes and, 320 
Hydrodynamics, 4, 283 
Hydrogen, 108, 128, 138, 141, 143 
Hydrogen acceptors, 334 
Hydrogen bonding, 298, 326, 334, 
365-366 
Hydrogen disulfide, 350 
Hydrogen donors, 334 
Hydrogenolysis, 349 
Hydrogen peroxide, 357, 359 
Hydrogen sulfide, 211 
Hydrolyzation, 336 
Hydronica, 350 
Hydrophobicity, 52, 54, 127, 132, 143, 
211 
relative, 61 
solute, 55 
of surfactants, 143 
Hydrophobic organic chemicsls 
(HOCs), 49, 107. See also 
Polychlorinated biphenyls (PCBs); 
Polycyclic aromatic hydrocarbons 
(PAHs); specific types 
accumulation of, 91, 92 
affinity for, 493 
aquatic geochemistry of, 81 
aqueous phase activity of, 59-63 
binding of, 118 
binding coefficients of, 56 
bioavailability of, 79, 180 
colloids and, 69, 108 
desorption of, 100, 150 


dissolved, 66 
as dissolved constituents, 223 
distribution of, 88, 180, 385 
elimination of, 100 
equilibrium between phytoplankton 
and, 99 
fate of, 91, 102 
geochemistry of, 81 
lipid accumulation of, 91 
measurement of, 149 
modeling of, 149 
organic colloid binding of, 108 
particle associations with, 80, 88 
particle-reactive, 123 
partition coefficients of, 80 
partitioning of, 52, 55, 56, 79, 154, 
221 
kinetics of, 93, 99-101 
models of, 399-400 
phytoplankton in. See under 
Phytoplankton 
between pseudophases, 385-388 
between soil and monomeric 
surfactants, 397-399 
phytoplankton and, 102102 
reactivity of, 79 
release of, 88 
scagenging of, 171 
in sediment amtrix, 180 
sorbed phase activity of, 59-63 
sorption coefficient for, 397-398 
sorption of, 50-56, 221, 365 
aqueous phase activity and, 59-63 
kinetics of, 55 
particle concentration and, 58 
sorbed phase activity and, 59-63 
speciation of, 79 
surface interactions with, 55 
surfactant solubilization of. See 
Surfactant HOC solubilization 
suspended solids and, 79 
transport of, 91 
uptake of, 88, 95, 96, 99, 100 
Hydrophobic partitioning, 151 
Hydrophobic sorption, 239 
Hydroxides, 295 
Hydroxyl groups, 329. See also specific 
types 


ICP. See Inductively coupled plasma 

Illite, 409 

Immobilization, 280 

Incomplete combustion, 172, 192 

Inductively coupled plasma emission 
(ICP) spectrometry, 19 

Infinite dilution activity coefficients, 
3 

Inorganic carbon, 20, 221, 250, 298 


Input fluxes, 15 ed 


Internal diffusion, 289 
Interstitial-fluid colloidal matter, 108 
Intragranular diffusion, 276 
Intramineral diffusion, 58 
Intraorganic diffusion, 66, 299 
Intraorganic diffusion coefficients, 
282 
Intraparticle diffusion equation, 158 
Intraparticle porosity, 288, 289 
Intraparticle tortuosity factor, 288 
Intrasorbent diffusion, 278, 280-283, 
287, 299 
Intrinsic diffusion coefficients, 293 
Intrinsic molecular volume, 334 
Iodide, 276, 293, 515 
Iodine, 326 
Ion exchange, 365 
Ion-pair reactions, 140 
Iron, 34 
DOM and, 510, 516 
ferrous, 349, 350, 351, 352, 353, 
356, 357, 359, 362 
oxidation of, 350, 360, 361 
structural, 360 
Iron sulfides, 268, 353, 356, 357 
Irrigation, 108, 121, 260, 268. See also 
Bioirrigation 
Iso-octane, 150, 295 
Isotherms, 132-135, 155-157. See also 
specific types 
Freundlich, 135, 137-138, 155, 384 
Langmuir, 163 
linear, 134, 274 
nonlinear, 132-134, 136, 138, 143, 
282 
Isotope model 
description of, 257-260 
results of, 260-268 
Isotopes. See also specific types 


INDEX 535 


exchange of, 264 
fractionation of, 250, 262-264 
imbalance in, 265 

profiles of, 260 

sodium, 276 


Kaolin, 409 
Kerelaar’s polarizability concept, 329 
Kerogen, 163 
Ketones, 326, 330. See also specific 
types 
Kinetics, 130-131, 162, 211, 280, 
352-353 
algal HOC uptake, 100 
desorption, 100, 209, 210, 234 
dissolution, 298 
first-order, 356 
HOC partitioning, 93, 99-101 
HOC sorption, 55 
HOC uptake, 100 
partitioning, 149 
sorption, 55, 57, 58, 100, 149, 163, 
209, 284 
Krypton, 352 


Laboratory column studies, 277-278. 
See also specific types 
Langmuir model, 61, 62, 162, 163, 
299 
EAS 150i 131 132-615 4.0 135 e350. 
138, 141, 143 
LAS homologues, 129, 140, 143 
Lead, 32, 43, 107, 175, 180, 181 
DOM and, 513, 516 
flux of, 37 
organometallic, 429, 430 
Leaf litter, 320 
Leaf litter extract (LLE), 509 
Least-squares Gausian fit, 183 
Ligand exchange reactions, 141, 143 
Limenite, 350 
Lindane, 97, 287 
Linear alkylbenzenesulfonate, 137-138 
Linear column chromatography, 414 
Linear partitioning, 281, 282, 287 
Linear regressions, 66, 68 
Linear solvation energy relationships 
(LSER), 334-336 
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Lipids, 91, 93, 94, 95, 96, 99. See also 
specific types 

Liquid diffusion coefficient, 122 

Liquid-phase diffusivity, 295 

Liquid-phase fugacity, 61 

Liquid scintillation counting, 131, 389 

Lithium diffusion, 276 

LLE. See Leaf litter extract 

Log P. See Octanol-water partitioning 

Long-chain alcohols, 311, 317, 320. 
See also specific types 

Long-chain aldehydes, 314, 317 

Long-chain alkanes, 311, 314, 317. See 
also specific types 

LSC. See Liquid scintillation counter 

LSER. See Linear solvation energy 
relationships 


Macroporosity, 163 
Magnesium, 34, 351, 510, 516 
Magnetite, 350 
Manganese, 513, 516 
Marcasite, 350, 351, 356, 360, 361 
Mass spectrometry, 195, 313-314 
Mass transfer, 280 
Mass transfer coefficient, 379 
Mass transfer limitations, 274, 275, 
277 
4-MCB. See 4-Monochlorobiphenyl 
Mean equilibrium distribution 
coefficients, 181 
Mean particle settling velocities, 171 
MER. See Mobile environmental 
reservoir 
Mercury, 429 
Metabolism, 100, 210 
Metals. See also Trace elements; 
specific types 
accumulation of, 32 
binding of, 516 
DOM interactions with, 504, 508, 
510, 513-515, 516 
fluxes of, 38-39, 40-44 
in particulate matter components, 
36 
partitioning of, 41-44 
redistribution of, 43 
removal of, 33 
residence times for, 33, 41-44 


water-column fluxes of, 40 
Methane, 293, 294 
Methanogens, 332, 338 
Methanol, 226 
Methylacridinium, 136 
Methylene chloride, 226 
Micellar surfactants, 384-385, 
399-400 
Micelle-water partitioning, 383 
Microbial degradation, 210 
Microgravimetry, 194 
Microtox, 241, 332, 335, 338, 341 
Mineralogy, 129 
Minnows, 332 
Mirex, 3 
Mixing rates, 107 
Mobile environmental reservoir 
(MER), 224 
Models. See also specific types 
advection-dispersion, 375-380 
BET sorption, 52 
component of trace element cycling, 
21-23 
diffusion 
internal, 289 
radial, 150, 153, 158-161, 209, 
282 
spherical, 287 
diffusion-advection-reaction, 257 
DiToro’s, 59, 72 
empirical, 55 
environmental, 149 
equilibrium, 376 
fate, 323 
first-order numerical transport, 276 
first-order sorption, 280 
Flory-Huggins, 80 
HOC, 149 
HOC partitioning, 399-400 
internal diffusion, 289 
isotope. See Isotope model 
Langmuir, 61, 62, 162, 163, 299 
natural organic matter, 162-163 
partitioning, 53, 399-400 
Pelletier-Whipple-Wedlick (PWW), 
185 
predictive, 144 
predictive ability of, 330-331 
QSAR. See Quantitative 


structure-activity relationships 
(QSAR) model 
radial diffusion, 150, 153, 158-161, 
209, 282 
rapid steady-state mixing (RSSM), 
175 
Sablijic’s, 338 
shale, 22 
solubilization, 80 
sorption, 52, 61, 149, 280 
BET, 52 
first-order, 280 
surfactant, 144 
sorption kinetics, 209 
spherical diffusion, 287 
surfactant sorption, 144 
tortuosity, 282 
transport, 276, 291, 493 
Molar solubilization ratio (MSR), 385, 
386, 387, 388, 392 
Molecular connectivity, 323, 325, 329, 
330, 336-338 
Molecular diffusion, 107, 211 
Molecular diffusion coefficients, 257 
Molecular size, 110, 299 
Molecular weight, 116-118, 392-393 
Molecular weight cutoff (MWCO), 
118 
Mole fraction cencentrations, 51 
Mollusks, 223, 241 
4-Monochlorobipheny] (4-MCB), 58, 
72, 150 
diffusion of, 153-154 
partitioning of, 154 
partition measurements and, 151, 
152 
radial diffusion model and, 158, 
160, 161 
sorption equilibrium of, 152, 153, 
154 
sorption isotherms and, 156, 157 
Monodisperse polystyrene micropheres 
(MPM), 150, 151 
partition measurements and, 
151-152 
polymers and, 163 
radial diffusion model and, 158, 
159, 160, 161 
solute diffusion and, 162 
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sorption equilibrium and, 151, 153, 
154 
sorption isotherms and, 155, 156, 
157 
Monomeric surfactants, 384-385, 
397-399. See also specific types 
Monomers, 384, 386 
Monosaccharides, 409. See also 
specific types 
Montmorillonite, 138 
MPM. See Monodisperse polystyrene 
microspheres 
MS. See Mass spectrometry 
MSR. See Molar solubilization ratio 
MWCO. See Molecular weight cutoff 


Nannoplankton, 102 
Naphthalene, 53, 194, 195, 197, 200, 
201, 393 
removal of, 210 
systematic changes in, 210 
Naturally occurring organic materials. 
See Natural organic compounds 
Natural organic compounds, 311-320, 
409. See also specific types 
diffusion and, 299 
extraction of, 313 
models of, 162-163 
particle size analysis of, 314 
polymers as models of, 162-163 
sampling of, 312-314 
Nepheloid-layer terrigenous component 
concentrations, 28 
Neutral cation exchange, 140 
Neutral surfactants, 127, 128, 134. See 
also specific types 
Nickel, 429, 516 
Nitrobenzene, 287 
Nitro compounds, 330. See also 
specific types 
Nitrogen-heterocyclic compounds, 365. 
See also specific types 
2-Nitrophenols, 61 
Nitrosomonas, 332, 338, 341 
NMR. See Nuclear magnetic 
resonance 
Nonacosane, 316, 317 
Nondegradable fraction, 257 
Nonelectrolytes, 298 
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Nonequilibrium, 58, 59, 99, 276, 292 
desorption, 276 
sorption, 274, 275, 276 
source of, 291 
Non-Fickian diffusion, 162, 298 
Nonglassy amorphous polymers, 163 
Nonionic surfactants, 127, 136, 142, 
393-397. See also specific types 
Nonlinear column chromatography, 
414 
Nonvalence index, 336-337 
Nuclear magnetic resonance (NMR), 
162 
Nutrients. See also specific types 
availability of, 249 
balance of, 249 
dissolved, 221 
productivity enhanced by, 175 


OCN. See Octachloronaphthalene 
2,2’,3,4,4’,5,6,6’-Octachlorobiphenyl, 
92 
Octachloronaphthalene (OCN), 226 
Octane, 338 
Octanol-water partition coefficients, 
91, 94, 221, 243, 323, 333-334, 
392 
Octanol-water partitioning, 333-334 
Octanol-water system, 163 
1-Octene, 295 
Oil seepage, 202, 206 
Oil spills, 210 
Oligochaetes, 180 
Optical microscopy, 19 
Organic carbon, 110, 205, 207, 221, 
236, 238 
concentration of, 175 
dissolved. See Dissolved organic 
carbon (DOC) 
fraction, 129 
with inorganic carbon, 298 
measurements of, 21 
oxidation of, 249, 255, 263-264, 
267. See also Carbon cycling 
particulate (POC), 206, 265 
partition coefficients and, 243, 409 
remineralization of, 251 
total. See Total organic carbon 
(TOC) 


Organic colloids. See Pore-water 
organic colloids 
Organic matter, 21-22. See also 
specific types 
anthropogenic. See Anthropogenic 
organic compounds (AOCs) 
dissolved. See Dissolved organic 
matter (DOM) 
naturally occurring. See Natural 
organic compounds 
particulate (POM), 493-500 
partitioning into, 395 
Organic polymers, 297-299. See also 
specific types 
Organochlorine pesticides, 454-455. 
’ See also specific types 
Organometallics, 410, 429-430, 
468-470. See also specific types 
Organophosphorus pesticides, 455-456. 
See also specific types 
Output fluxes, 15 
Oxidants, 250, 359. See also specific 
types 
Oxidation, 264 
DOC and, 504 
electrochemical, 361 
of iron, 350, 359, 360, 361 
of organic carbon, 249, 255, 
263-264, 267. See also Carbon 
cycling 
photochemical, 209 
of pyrite, 361-362 
of sheet silicates, 357-360 
of sulfides, 268 
Oxyethylene, 128, 134 
Oxygen availability, 210 
Oysters, 241 


PAHs. See Polycyclic aromatic 
hydrocarbons 
Palladium, 361 
Palygorskite, 350 
Paraquat, 136 
Particle affinity, 41 
Particle-associated transport, 221-223 
Particle collision, 150 
Particle concentration, 150 
HOCs and, 80, 88 
low surface coverages and, 69-73 


partitioning and, 149 

PCBs and, 80 

sorption and, 149 

sorption coefficients and, 56-59 
Particle-induced desorption, 58 
Particle-particle interactions, 284 
Particle-reactive HOCs, 123 
Particle-reactive radionuclides, 107 
Particle settling velocities, 171 


Particle size analysis, 314 ee 


Particle size distribution, 66, 91, 129 
Particulate inorganic carbon, 20 
Particulate matter. See also specific 
types 
exchange of, 4 
metal in components of, 36 
standing crop of, 17-18 
vertical flux of, 15 
Particulate organic carbon (POC), 206, 
265 
Particulate organic matter (POM), 
493-500 
Partition coefficients, 4, 81, 149, 281, 
284, 296 
carbon-normalized, 80, 93 
classical, 59 
for column transport studies, 277 
desorption, 372 
equilibrium, 108, 209 
HOC, 80 
linear soil-water, 399 
micelle/aqueous-pseudophase, 392 
normalized, 123 
octanol-water, 91, 94, 221, 243, 323, 
392 
organic carbon and, 243, 409 
rate constants with, 292 
reversible, 59 
soil-water, 399 
sorption, 372 
thermodynamic, 80 
water-particle, 93 
Partitioning, 162, 163, 171, 278, 280, 
323 
batch, 277 
bioaccumulation and, 244 
direct, 222 
downgradient of, 274 
equilibrium, 88, 243-244 
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of HOCs, 52, 55, 56, 79, 154, 221 
kinetics of, 93, 99-101 
models of, 399-400 
phytoplankton in. See under 
Phytoplankion 
between pseudophases, 385-388 
between soil and monomeric 
surfactants, 397-399 
hydrophobic, 151 
of hydrophobic organics, 239 
kinetics of, 149 
linear, 281, 282, 287 
of lipids, 95 
of 4-MCB, 154 
measurements of, 151-152 
mechanisms of, 55 
of metals, 41-44 
between micelles, 392 
micelle-water, 383 
models of, 53 
octanol-water, 333-334 
into organic matter, 395 
particle concentration and, 149 
of PCBs, 3, 81-84, 88, 149, 221, 
223, 226, 235 
PCB-suspended solid associations 
and, 79-88 
semiempirical equations for, 82 
thermodynamic, 162 
PCDDs. See Polychlorinated 
dibenzo-p-dioxins 
PCDFs. See Polychlorinated 
dibenzofurans 
PCE. See Tetrachloroethene 
Pearson correlation matrix, 211 
Pelletier-Whipple-Wedlic (PWW) 
model, 185 
Pentachlorobenzene, 285, 288 
Pentacyclic PAHs, 191 
Pentacyclic triterpane, 204 
Pentane, 338 
Peptides, 409. See also specific types 
Perylene, 191, 194, 197, 206 
Pesticides, 410, 454-461. See also 
specific types 
chlorinated, 91 
organochlorine, 454-455 
organophosphorus, 455-456 
references on, 425-427 
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sorption of, 80 
triazine, 456-461 
Petroleum hydrocarbons (PHCs), 239, 
410. See also specific types 
determination of, 443-449 
interlaboratory studies of, 417 
PCB ratio to, 239 
references on, 421-424, 443-449 
pH 
acridine and, 365-380 
DOM and, 510-513 
surfactant sorption and, 131 
Phase separation, 63, 66 
PHCs. See Petroleum hydrocarbons 
Phenanthrene, 108, 111, 118, 173, 194, 
199, 201, 393 
alkylated, 191 
removal of, 210 
solubility of, 390 
sources of, 234 
systematic changes in, 210 
Phenanthrene/anthracene, 195, 197 
Phenanthrene/phenanthrene, 197 
Phenols, 330, 365. See also specific 
types 
determination of, 464 
halogenated, 337 
references on, 427-428, 464 
toxicity of, 332 
Phenyl polymer-modified silicon, 58 
Phosphates, 429, 467 
Photochemical oxidation, 209 
Photodegradation, 210 ~ 
Photolysis, 49 
Phthalates, 224, 428, 466. See also 
specific types 
Physical properties, 323. See also 
specific types 
Physicochemical interactions, 299. See 
also specific types 
Phytoplankton, 39, 43, 221 
biomass of, 100 
desorption of HOCs from, 100 
equilibrium between HOCs and, 99 
fate of HOCs by, 102 
in HOC partitioning, 91-103 
factors controlling, 93-99 
fate and, 102 
kinetics of, 99-101 


lipid properties of, 93 
in organic carbon, 264 
PCBs in, 97 
Picloram, 285 
Plankton, 21, 229, 264. See also 
specific types 
Plant waxes, 311, 312, 314-315, 320 
Plateau sorption, 136 
PNA. See Polynuclear aromatics 
POC. See Particulate organic carbon 
POE. See Polyoxyethylene 
Point source elimination, 107 
Polarity, 336 
Polarizability, 325, 329, 330, 334, 336 
Polychaetes, 241 
Poly chlorinated dibenzo-p-dioxins, 
330 
Polychlorinated biphenyls (PCBs), 79, 
91, 107, 410. See also 
Hydrophobic organic chemicals 
(HOCs) 
air-water transfer of, 3-11 
apparent effects threshold (AET) 
and, 241-243 
batch-extraction of, 92 
bioaccumulation factor (BAF) for, 
95 
chemical nature of, 235 
complexation of, 80 
concentration of, 81, 87, 227-230, 
236, 238 
degradation of, 229 
deposition of, 229, 236 
determination of, 450-452 
diminished levels of, 236, 238 
dissolved, 93 
dissolved-phase, 81, 87 
distribution of, 81, 85, 87, 88, 
221-244 
concentration levels and, 227-230 
extraction in study of, 224-227 
general, 230-236 
geographic, 223-224 
localized, 236-240 
overall, 227-230, 235 
sampling in study of, 224 
sediment quality and, 241-244 
spatial, 224 : 
transport and, 221-223 


distribution coefficients for, 81, 82, 
84, 87 

ending of production of, 223, 224 

extraction of, 92, 98, 224-227 

field study of, 10-11 

in fish, 186 

fugacity of, 3, 10, 11 

gas purging in study of, 3-11 

general distribution of, 230-236 

grain size and dynamics of, 238 

hot spots for, 228 

interlaboratory studies of, 417 

kinetics of partitioning of, 149 

kinetics of sorption of, 149 

MPM and, 162 

octanol-water partition coefficient 
for, 243 

overall concentration of, 227-230 

overall distribution of, 227-230, 235 

particles and, 80 

partition coefficients for, 243 

partitioning of, 3, 81-84, 88, 149, 
22162232265-235 

PHC ratio to, 239 

phytoplankton and, 97, 101 

QSAR model and, 331 

references on, 424-425, 450-452 

sampling of, 224 

in sediment, 231 

solubility of, 330 

sorption of, 149, 284 

sources of, 231, 235 

spatial distribution of, 224 

suspended solids and, 79-88 

TOC ratio to, 240 

total, 227 

uptake of, 87, 98 

Polychlorinated dibenzo-p-dioxins 

(PCDDs), 91, 330 

Polychlorinated dibenzofurans 

(PCDFs), 91 

Polycyclic aromatic hydrocarbons 
(PAHs), 3, 79, 107, 171-186, 
191-215, 224, 410. See also 
Hydrophobic organic chemicals 
(HOCs); specific types 

abundance of, 192 

accumulation of, 180, 182, 211-213 

annual mass emissions of, 199-200 
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batch studies of, 388 

binding of, 111 

biodegradation of, 192 

biosynthesis of, 191 

carcinogenicity of, 191 

colloid binding to, 111, 118 

colloid nonlocal exchange 
parameters and, 123 

combustion, 175-180, 181, 182, 186, 
191, 192, 213 

compositional features of, 195-199, 
200-206, 211 

concentrations of, 204, 207 

degradation of, 210, 211 

determination of, 443-449 

distribution of, 173, 191, 192, 205, 
206 

in effluent, 195-200 

environmental behavior of, 191 

fate of, 191, 192, 206-210 

fluxes of, 118-123, 181-182 

formation of, 172, 191 

global distribution of, 191 

historical rates of accumulation of, 
211-213 

input of, 207 

intense input of, 207 

inventories of, 181-182 

lost, 208, 210 

mass emission rates for, 199-200 

methods in study of, 173-175 

oil-derived, 206 

pattern in composition of, 199 

peak concentrations of, 180 

pentacyclic, 191 

pore waters and, 180-181 

postdepositional alteration in, 
210-211 

pyrogenic, 191, 211 

QSAR model and, 326, 329 

references on, 443-449 

regional accumulation of, 182 

sampling of, 194 

in sediments, 200-213 
accumulation rates for, 211-213 
composition of, 200-206 
fate of, 206-210 
postdepositional alteration in, 
210-211 
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sources of, 200-206 
short-term biogeochemical fate of, 
206-210 
solubility of, 384, 385, 388, 390, 
391 
sources of, 178, 191, 197, 200-206, 
210, 234 
structure of, 173 
surface concentrations of, 178 
tetracyclic, 191 
transport of, 178, 192 
tricyclic, 201, Di201 
uptake of, 180 
vertical concentration of, 204 
vertical distribution of, 192 
Polyelectrolytic effects, 113, 114 
Polyethylene glycol, 128 
Polymeric oxides, 295 
Polymer liquid diffusivity, 117 
Polymers. See also specific types 
diffusion in, 161-162, 297-299 
diffusion coefficients in, 299 
as natural organic matter models, 
162-163 
nonglassy amorphous, 163 
organic, 297-299 
solute diffusion in, 161-162 
Polynuclear aromatics, 284, 330, 331. 
See also specific types 
Polyoxyethylene (POE), 384 
Polysaccharides, 112, 297. See also 
specific types 
Polysulfides, 350, 361. See also 
specific types 
Polyvinyl alcohols (PVA), 481-489 
POM. See Particulate organic matter 
Pore diffusion, 280, 281, 295-296, 
298 
Pore diffusion coefficients, 298 
Pore size, 294 
Pore-water, 180-181, 250 
bioaccumulation and, 180 
calcium concentration in, 262 
exchange between bottom water and, 
260 
exchange between overlying water 
and, 249 
sources of carbon in, 265-268 
Pore-water organic colloids, 107-123 


cooling of, 112-115 
detection of, 111-112 
HOC binding and, 108 
molecular size analysis of, 110 
molecular weight of, 116-118 
PAH binding by, 118 
PAH fluxes and, 118-123 
PAH nonlocal exchange parameters 
and, 123 
sampling of, 108-110 
transport and, 211 
uncooling of, 112-115 
vertical distributions of, 118 
Porosity, 283, 288, 289 
Potassium, 34, 351 
Preindustrial sediment fluxes, 38 
Pressure filtration, 20 
Primary productivity, 221 
Productivity, 175, 221 
Propane, 293, 338 
Propylbenzene, 64 
Pseudo-first-order desorption, 375 
Pseudo-first order reaction constants, 
352 
Pseudo-first-order sorption, 375 
Pseudophases, 383-388, 392 
Pseudo-steady state, 29 
Pulverization, 287 
Pumping-in-line sieving 
continuous-flow centrifugation, 
17 
Pump and treat remediation, 275 
Pure components, 36 
PWW. See Pelletier-Whipple-Wedlick 
Pyrene, 108, 111, 118, 122, 173, 393 
desorption of, 285 
fluoranthene ratio to, 197, 199, 202, 
209 
scatterplot of, 211 
solubility of, 390 
uptake of, 285 
Pyrite, 350, 351, 356, 360, 361-362 
Pyroxene, 350 


QSAR. See Quantitative 
structure-activity relationships 

Quantitative structure-activity 
relationships (QSAR) model, 323, 
332 


methods in, 333-338 
predictive ability of, 330-331 
rationale of, 324 
solutes and, 324-329 
Quartz, 27, 34 
Quinoline, 365, 366, 367, 374 
Quinolinium, 365 


Radial diffusion model, 150, 153, 
158-161, 209, 282 
Radioactive waste disposal, 293 
Radiochemical impurity, 278 
Radionuclides, 107, 181. See also 
specific types 
Radon, 108, 111, 120, 122, 268 
Raman spectroscopy, 361 
Raoult’s convention, 51, 59-61 
Rapid steady-state mixing (RSSM) 
model, 175 
Rate coefficients, 286, 287, 378 
Rate constants 
batch, 291 
desorption, 286 
diffusion, 287 
first-order, 291, 292 
primary mineral, 353 
secondary mineral, 353 
Reactivity, 79 
Redeposition, 172 
Redfield stoichiometry, 250 
Redox conditions, 210 
Redox reactions, 357 
Reductants, 352, 357. See also specific 
types 
Reductive dehalogenation, 349 
Reductive elimination, 349 
Regression coefficients, 80 
Relaxation constants, 298 
Relaxation times, 162, 298, 554 
Remediation, 275 
Remineralization, 249, 251, 264 
Residence times, 15, 16, 33, 40-44 
for calcite, 43 
component-specific, 33 
for metals, 41-44 
Restrictive pore diffusion, 295-296 
Resuspension, 27, 171, 172, 229, 236, 
499 
Retene, 191 
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Reversible equilibrium, 281 
Rhodamine, 495, 498 

Rock, 293-294 

Rock capacity factor, 293 

Rotational relaxation time (RRT), 554 
RRT. See Rotational relaxation time 
RSSM. See Rapid steady-state mixing 


SA. See Surface area 
Sablijic’s model, 338 
Salting out, 62, 231 
Sampling 
of AOCs, 412-414, 415 
of colloids, 108-110 
of natural organic compounds, 
312-314 
of PAHs, 194 
of PCBs, 224 
of POM, 494 
of pore-water organic colloids, 
108-110 
references on, 437-441 
Saturated hydrocarbons, 193, 194 
Scale particle theory, 325 
Scanning electron microscopy (SEM), 
361 
Scavenging, 36, 37, 171 
Seasonal resuspension, 172 
SEC. See Size-exclusion 
chromatography 
Secondary productivity, 221 
Second-order index, 337 
Sedimentation rate, 35, 38 
Sediment focusing, 181, 222, 223 
Sediment geochronology, 175 
Sediment quality criteria (SQC), 
241-244, 244 
Sediment traps, 16-17, 23, 35-36, 
37-38 
Sediment-water equilibrium 
partitioning, 243-244 
Seismic profiling, 222, 223 
SEM. See Scanning electron 
microscopy 
Semiempirical partitioning equations, 
82 
Sesquioxide, 138 
Settling, 28, 171 
Sewage, 481-489 
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Sewer overflows, 240 
Shale, 22, 34 
Sheet silicates, 357-360 
Shellfish, 107 
Silica, 409 
Silica-alumina catalysts, 295 
Silica gel column chromatography, 92, 
226 
Silicates, 350, 353, 357, 357-360 
Silicon, 34, 53 
biogenic, 19, 21, 24-27, 29 
filtrable, 20 
nonbiogenic, 34,35, 36 
phenyl polymer-modified, 58 
surface-modified particles of, 58 
Size-exclusion chromatography (SEC) 
charge repulsion effects in, 115-115 
high-pressure. See High-pressure 
size-exclusion chromatography 
(HPSEC) 
Size fractionation, 18-19 
Sodium, 34, 128, 131, 138, 140, 141, 
142, 143, 351 
Sodium isotopes, 276 
Sodium tetraphenylborate, 359 
Soils. See also specific types 
EDB persistence in, 286 
nonionic surfactant sorption onto, 
393-397 
sorption of, 338 
sorption of pesticides in, 80 
surfactant HOC solubilization in, 
393-397, 399-400 
Solid-phase sulfides, 267, 268 
Solubility, 80, 329-330, 338 
of acridine, 366-367, 368, 373-374 
of DDT, 384 
of HOCs. See Surfactant HOC 
solubilization 
of hydrocarbons, 385 
of PAHs, 384, 385, 388, 390, 391 
of phenanthrene, 390 
of pyrene, 390 
of quinoline, 366, 374 
surfactant-enhanced. See Surfactant 
HOC solubilization 
Solubilization. See Solubility 
Solutes. See also specific types 
diffusion of, 161-162, 273 


QSAR model for different, 324-329 
solute interactions with other, 132, 
138-140 
transport of, 273 
Solution-phase colloids, 284 
Solvatochromatic parameters, 323, 
334 
Sorbate-sorbate interactions, 132, 
138-140 
Sorbent-surfactant combinations, 135 
Sorption, 49, 79, 107, 171, 222 
acridine, 372, 380 
alkylbenzene. See under 
Alkylbenzenes 
benzene-corundum, 68-73 
capacity for, 277, 284 
carbon-normalized, 284 
chlorinated benzene, 287-288 
coefficients of. See Sorption 
coefficients 
column experiments on, 53 
1,4-dichlorobenzene, 288 
dispersion vs., 378 
diuron, 286 
hexachlorobiphenyl, 284 
HOC. See under Hydrophobic 
organic chemicals (HOCs) 
hydrophobic, 239 
instantaneous sites for, 291 
kinetics of, 57, 58, 72, 100, 149, 
163, 209, 284 
mass transfer limitations and, 275 
models of, 52, 61, 149, 280 
nonequilibrium, 274, 276 
nonionic surfactant, 393-397 
particle concentration effect on, 149 
PCB, 149, 284 
PCE, 289 
pentachlorobenzene, 288 
pesticide, 80 
plateau, 136 
pseudo-first-order, 375 
rate limitations in, 273-300 
batch studies and, 278-292 
diffusion studies and, 292-299 
transport studies and, 274-278 
rates of, 209, 284 
slow, 72, 286, 378 
soil, 338 


solution properties and, 138-142 
surface, 96, 97 
surfactant. See Surfactant sorption 
TeCB, 289 
tetrachloroethene (PCE), 289 
theories of, 149 
Sorption capacity downgradient, 274 
Sorption coefficients, 51, 54, 55, 56, 
62 
changes in, 72, 73 
colloids and, 69 
decrease in, 69 
HOC, 397-398 
measured vs. literature values for, 
68-69, 70-71 
particle concentration and, 56-59, 
73 
Sorption constants, 54 
Sorption energy, 134-135 
Sorption equilibrium, 57, 150, 151, 
153, 155, 277, 285, 379 
anions and, 374-375 
Langmuir equation for, 61 
nonattainment of, 59, 72 
time to reach, 155 
verification of, 67 
Sorption isotherms, 132-135, 136, 
137-138, 155-157 
Sorption nonequilibrium, 275 
Sorption partition coefficients, 372 
Speciation, 79 
Specific surface area, 54 
Spectrofluorometry, 111, 367 
Spectrometry. See also specific types 
atomic absorption, 20 
chemical ionization mass, 314 
inductively coupled plasma emission 
(ICP), 19 
mass, 195, 313-314 
Raman, 361 
ultraviolet, 111-112 
ultraviolet/visible, 110 
x-ray photoelectron, 261 
Spherical diffusion model, 287 
SQC. See Sediment quality criteria 
SRMs. See Standard reference 
materials 
Standard reference materials (SRMs), 
416-417 
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Standing crops, 17-18, 24, 38 
Steady-state concentration, 260, 276 
Steady-state conditions, 29, 283 
Steady-state diffusion coefficients, 
283 
Steady-state fluorescence, 506-507 
Sterols, 314. See also specific types 
Stoichiometry, 250, 357 
Storms, 27 
Straight-chained hydrocarbons, 297. 
See also specific types 
Stratification, 171 
Substituted benzenes, 332 
Substituted benzotriazoles, 224 
Substituted phenols, 332 
Sulfates, 350. See also specific types 
Sulfides, 349, 352, 353, 357. See also 
specific types 
iron, 353, 356, 357 
oxidation of, 268 
solid-phase, 267, 268 
surface, 350 
Sulfur, 350, 415 
Surface area, 54, 94, 97, 129, 153, 154 
Surface diffusion, 280, 294-295, 298, 
299 
Surface interactions with HOCs, 55 
Surface runoff, 199 
Surface-sorbate interactions, 132 
Surface sorption, 96, 97 
Surface sulfides, 350 
Surface tension, 396 
Surface type, 94 
Surfactant HOC solubilization, 
383-402 
in aqueous systems, 385-393 
experimental methods for, 388-390 
micellar surfactants and, 384-385, 
399-400 
molecular weight correlations and, 
392-393 
monomeric surfactants and, 
384-385, 397-399 
nonionic surfactants and, 393-397 
pseudophases and, 385-388 
results of study of, 390-393 
in soil, 393-397, 399-400 
Surfactants. See also specific types 
anionic, 127, 128, 136 
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cationic, 127, 128, 143 

determination of, 465 

fate of, 127 

HOC solubility enhanced by. See 
Surfactant HOC solubilization 

hydrophobicity of, 143 

micellar, 384-385, 399-400 

monomeric, 384-385, 397-399 

neutral, 127, 128, 134 

nonionic, 127, 136, 142, 393-397 

polyoxyethylene (POE), 384 

radioactivity of, 130 

references on, 428, 465 

sorbent combinations with, 135 

sorption of. See Surfactant sorption 

sorption isotherms of, 132-135 

structural properties of, 143 

Surfactant sorption, 127-145. See also 

specific surfactants 

batch experiments on, 129-131 

distribution ratios and, 129-131 

isotherms in, 132-135 

methods in study of, 128-131 

models of, 144 

pH and, 131 

predictive models of, 144 

solution properties and, 138-142 

Synchronous excitation spectra, 

506-508 


TAH. See Total aromatic 
hydrocarbon 

Tannic acid, 409 

TCE. See Trichloroethene 

TCLP. See Toxic contaminant leachate 
potential 

TeCB. See 1,2,4,5-Tetrachlorobenzene 

Terrigenous components, 28, 30, 31, 
35-36, 38 

Tetrachlorinated biphenyls, 98 

2,3,7,8-Tetrachlorinated dioxin, 98 

Tetrachlorobenzene, 288 

1,2,4,5-Tetrachlorobenzene (TeCB), 
289 

2,3,5,6-Tetrachlorobiphenyl, 92 

Tetrachloroethene (PCE), 274, 289, 
290, 291, 349, 350, 352, 354 

Tetrachloroethylene, 54 

Tetracyclic PAHs, 191 


Tetrahydrofuran, 276 
Thallium, 107 
THC. See Total hydrocarbon fraction 
Thermal stratification, 171 
Thermocline erosion, 27 
Thermodynamic partition coefficients, 
80 
Thermodynamic partitioning, 162 
Thermodynamics, 55, 61, 95, 149, 162 
Thin-layer chromatography (TLC), 
129, 194, 414 
Thiosulfate, 350 
Tin, 430 
TLC. See Thin-layer chromatography 
TOC. See Total organic carbon 
Toluene, 64 
Tortuosity, 163, 289, 293, 296 
effective, 283, 295 
intraparticle, 288 
models of, 282 
porosity and, 283 
of sediment, 122, 259 
Total aromatic hydrocarbon (TAH), 
194 
Total hydrocarbon fraction (THC), 
194, 205, 208 
Total hydrocarbons, 193, 194, 204, 
205, 207 
Total organic carbon (TOC), 108, 110, 
111-112, 224, 234, 236, 238, 239 
PCB ratio to, 240 
sediment quality criteria and, 244 
Total PCBs, 227 
Toxaphene, 91 
Toxic contaminant leachate potential 
(TCLP) test, 349 
Toxicity, 127, 332-333, 338 
Trace element cycling, 15-44 
bottom sediment fluxes and, 35-36 
chemical analysis of, 19-20 
chemical phases and, 33-35 
component concentrations and 
fluxes in, 23-29 
component fluxes and, 23-31, 
33-35 
component model of, 21-23 
field studies of, 16-18 
laboratory studies of, 18-20 
metal fluxes and, 36-39, 40-44 


metal residence times and, 41-44 
residence times and, 15, 16, 33, 
40-44 
sediment traps and, 16-17, 35-36, 
37-38 
size fractionation and, 18-19 
Trace elements. See also Metals; 
specific types 
annual fluxes of, 32 
in calcite, 31-32 
cycling of. See Trace element 
cycling 
in diatoms, 31-32 
filtrable, 20, 33 
flux of, 15 
residence times for, 15, 16 
total, 20 
Transfer. See Transport 
Transport, 107, 211, 409 
into cell membranes, 98 
cesium, 183 
dynamics of, 192 
effluent particle, 210 
ethyl dibromite (EDB), 276 
fecal pellet, 38-39 
first-order numerical models of, 276 
HOC, 91 
hydrodynamics of, 4 
models of, 291, 493 
PAH, 178 
particle-associated, 221-223 
PCB from air to water, 3-11 
POM, 493 
radon, 122 
rates of, 273 
solute, 273 
sorption rate limitations and, 
274-278 
studies of, 274-278 
tetrachloroethane (PCE), 291 
two-layer model of, 4 
Triazine pesticides, 456-461 
1,2,4-Trichlorobenzene, 52 
Trichloroethene (TCE), 276 
Trichloroethylene, 54 
Tricyclic PAHs, 201 
Triphenylene, 181, 197 
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Triterpane, 204 
Turbulence, 222 
Two-layer model of gas transfer, 4 


UCM. See Unresolved complex 
mixture 

UF. See Ultrafiltration 

Ultrafiltration, 108, 110 

Ultraviolet spectrophotometry, 
111-112 

Ultraviolet-visible absorbance, 506 

Ultraviolet-visible spectrophotometry, 
110 

Unresolved complex mixture (UCM), 
195 


Valence index, 336, 337 

Vermiculite, 138, 350, 351, 354, 356, 
357, 358, 359, 360 

Vertical flux, 15 

Volatilization, 49 


Waste disposal, 276, 293 

Wastewater effluent, See Effluent 

Wastewater treatment facility, 240, 
241 

Water-column-based metal fluxes, 40 

Water quality criteria, 241 

Waxes, 311, 312, 314-315, 320 

Wilke-Chang equation, 122 

Wind-induced circulation, 222 

Worms, 107, 223 


XAD-2, 93 

XAD-4, 294 

XAD-7, 294 

XPS. See X-ray photoelectron 
spectroscopy 

X-ray diffraction, 136 

X-ray photoelectron spectroscopy 
(XPS), 261 


Zeolites, 294, 296-297. See also 
specific types 

Zero-order index, 336 

Zinc, 32, 37, 43 

Zooplankton, 22, 38, 39, 102, 221 
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Organic Substances 
and Sediments in Water 


An important new 3-volume set 
by world leaders 


The. fate“and transport-of natural-and-anthropogeni¢ 
sediment-borne organic: contaminants is-a critical. en 
vironmentalissue and complex. processes areinvolved 
that until: now have been poorly defined Organic 
Substarices and Sedifrients in. Watérié a three-volurne 
book that provides the best information available 
regarding the many interdisciplinary factors affecting 
organic substances associated with particulates in 
water. Topics discussed include absorption and 
transport-of contaminants associated with.particles; 
interfacial processes affecting fate and transport of 
organic substances associated with particles; the re- 
lease of contaminants in receiving.water bodies; water 
treatment’ the role of biological:factors in the fate 
and transport of-organic: contaminants, in aqueous 
systems; devélopment of bidtranstormation:in natural 
and: ahthropogenic.systems;the use of organic con 
taminant-and:sediment chemicals; biological and 
physicaldata.to-refine models to be‘used:by. resource 
managers; and chemical.and biological, processes that 
affect the fate and transport of organic constituents 
and determine degradation of contaminants and up- 
take in plants. This will be an important reference for 
environmental chemists, environmental engineers, 
environmental biologists, water treatment and natural 
system modelers, and soils scientists. 
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